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PREFACE TO SECOND EDITION 

In preparing a revised, edition of this book the authors have 
attempted to bring the subject matter up to date, without radical 
changes in the method of presentation. 

During the fourteen years which have elapsed since the first 
edition was published, there has been increased activity in the 
field of inorganic chemistry (notably on the Continent and in the 
United States), and a great deal of important new work has appeared. 
This has made the task of selection difBcult, especially as it seemed 
desirable to avoid any undue increase in the size and cost of the 
book. In the course of revision, a few topics dealt with prevnously 
have, of necessity, been omitted. Thus, a survey of the chemistry 
of the new elements replaces the account of hafnium, rhenium and 
the platinum metals. Much of the text has been completely re- 
written, and new chapters have been inserted on valency, on the 
constitution of solid inorganic compounds, and on interstitial and 

non-stoichiometric compounds. . , , i 

Some of the topics discussed are in course of rapid development, 

and what has been ^^Titten may very soon appear incomplete. On 
other topics, where the authors have tried to interpret coherent y 
the results of independent schools of work, they may inadvertently 
have cone beyond the conclusions drawn by the original workers. 
For such shortcomings, and for any mistakes which may occur, 
they ask the reader’s indulgence. They ask, indeed, that this 
book be read critically, and that where possible original papers be 
consulted. The reader cannot then fail to be impressed by the 
incompleteness of our knowledge of even the most familiar chemical 

elements. H J E 

J. S. A. 
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CHAPTER I 


ATOMIC STRUCTURE AND THE PERIODIC SYSTEM 

Introduction. — Two distinct approaches to the classification of 
the chemical elements have been developed during the last hundred 
years. The first has been evolved primarUy from the observed 
variations in chemical and physical properties in passing from one 
element to the next. The second, and newer, is based on differences 
in the atomic structure. A stage has now been reached in the 
evolution of Chemistry at which these two subjects, which may be 
called the chemical and physical classification of the elements can 
be correlated. We may seek to e.xplam the chemical periodicity 
in terms of atomic structure, and to place the concept of valency 
on a surer physical basis. Such is the object of this fimt chapter 
It it appeare that undue emphasis has been placed on the physical 
aspects of the subject, it must be borne in mind that, although at 
prLnt less familiar to the chemist than is the descriptive chemistry 
of the Periodic System, they are assummg a great and increasing 

importance in current chemical thought. 

That there is any systematic connexion between the atomic 

weights of the elements and their chemical 

recognized by Dobereiner in 1829. He directed attention to tte 

existence of triads of related elements, such as 

and barium, or chlorine, bromine and lodme m which 

occupying the middle position had not only chemical properties 

intermedfate between the other two, but also an 
to the arithmetic mean of the atomic weights 

next important step was taken in 18G3^. when Newbnds pointed 

(lithium^erylhum borom ^ TheS ekS aXi Urore! 
were all distinct in their properties, x lii-linim 

however was sodium, which had a strong resemb ance to lithium, 

aXLch oTthe six elements following (magnesium, alummium, 
ana eacn oi uie chlorine) bore an obvious simi- 

silicon, phosphorus, sulphur and cnior j 

larity to the corresponding member of the 

This^so-caUed Law of Octaves could not 

to elements of atomic weight higher than that of chlorine. 

1 
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ATOMIC STBUCTURE AND THE PERIODIC SYSTEM 3 

The Periodic System was first developed by Mendeleeff in 1869, 
and with minor modifications due to the discovery of new elements 
and the correction of atomic weights, the table then suggested is 
essentially that used for the chemical classification of the elements 
at the present time (Table 1, opposite). No detaUed discussion of 
the chemical aspects of the Periodic Classification is necessary here. 
The anomalies presented by the pairs of elements argon and 
potassium, cobalt and nickel, teUurium and iodine, which have to 
be placed in the Table in the reverse order of their atomic weights, 
are accounted for by the relative abimdance of their respective 
isotopes, as is shown in the following table {see also p. 20). 
Thorium and protactinium also have atomic weights which are 
in the reverse order to their atomic numbers. 


Table 2 


ElemerU 

Atomic ^ 
number ; 

^ 1 

Atomic 

weight 

1 

leciopes 

(tn order 0 / abundance) 

Argon 

Potassium 

Cobalt 

Nickel 

Tellurium 

Iodine 

18 

19 

27 

28 

62 

1 “ 

1 39-944 : 

39-090 
58-94 
58-69 
127-01 
126-92 

1 

, 40, 36, 38 

39, 41, 40 ; 

69, 67 1 

58.60,62,61,64 , 

130, 128, 126, 125, 124, 122, 123 1 

127 1 


The chemical atomic weight measures the average mass of aU 
the atoms of an element, and it is because of the preponderance of 
the heavy isotope of argon, of mass 40, that its mean atomic wei„ht 
is greater than that of potassium. Similar con-siderations apply to 

The position of hydrogen in the Table, formerly much debated, 
is. in fact, a matter of small importance, since hydrogen helmin 
stand alone from the point of view of atomic structure. Jle^elceff 
designated as ‘ transition elements the three triaik Fe Ni 
Ru Rh Pd, and Os, Ir, Pt, a.ssigned by him to Group VIII. The 
to™ now uencrally used in a wider sense, to include those 
elements in the centre of the ‘ long periods ’, from .scandium to 
ai^r^trium to cadmium, lanthanum to mercury and actinium 
rberkelium (or ultimately, to element 103). In these four series 
of elements a special typo of relationship exists between the struc- 
ture of each atom and its neighbours, due to the preferential filling 

of inner rather than the outermost electronic orbits. 

Atomic Structure.— Our modern theory of atomic structure is 
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based on Rutherford’s concept of the atom, as built up from a 
small, massive, positively charged nucleus, surrounded by a sufficient 
number of electrons to render the whole structure electrically 
neutral. Such an atom model was the inescapable conclusion 
drawn from experiments on the scattering of electrons and of 
a-particles by matter, which showed that most of an atom must be 
empty space ; strong deflexion of the charged particles is a rare 
event, occurring when an a-particle passes relatively close to the 
charged nucleus. Whereas the diameter of the whole atom is of 
the order 10"® cm., that of the nucleus is only 10“*^ cm. In this 
nucleus — itself, as we now believe, a complex structure — is con- 
centrated almost the entire mass of the atom, whilst the effective 
‘ size ’ of the atom represents the sphere of action of the extra- 
nuclear electrons. 

A fundamental contribution to the study of atomic nuclei was 
made, in the years 1913-14 by Moseley,^ who, in the course of an 
inve.stigation of the relatively simple X-ray spectra of certain of 
tin* metallic elements, fouinl that there was an almost linear relation- 
ship between the characteristic X-ray frequency for each of a series 
of elements and the squares of the atomic numbers of the elements 


{i.e. the number a.ssigned to each element when these were arranged 
in order of increasing atomic weight anil numbered consecutivelv 
from hydrogen (= 1) to uranium (= 9‘2)). Sub.sequont develop- 
ments have proved the atomic numi)er to be more significant from 
both the physical and the chemical .standpoints than the atomic 
weight. The. atomic numbers of the elem'^nts are inserted in the 
Periodic Table wliich is reproduced on page 2. The nature of 
the X-ray spectrum needs a little more elucidation than has been 
given, as it dne.s not consist of a /.ngle line, but of several groups 
of lines, wliiih are known as the K. L. M . . . lines. In testing 
Moseley’s law it is necessary to pick o-- a particular frequency of 
one of those groups for earh el- .a c, usidered— say, the hirrhest 
freipiency in the K c-ai i element. Denotin'^ thir fre- 
quency by V and .mmber bv Z. Moselev’s law may be 

expro.ssed as ’ 


It 






where a and h are -.rstants, ne. there is apprnxiinatelv a linear 
ndationsliip between Z and \ »■. 

It fellows, then, that if t r is plotte.l against Z, then ea< h element 

traiehri^e " 7 represente.1 by a point on the resulting 

straight hne. The ortler of the elements in the Periodic System^ 

as required by the chemical evidence, was unambiguously confirmed 
Phil. Mag., 1913, [vi], 26, 1024; 1914. [vi], 27, 703. 
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by this work of Moseley’s, and the number of the elements, up to 
and including the heaviest atomic species then kno\yn (uranium), 
was proved to be finite, since Z must be a whole number Moseley 
measured the characteristic frequencies of sufficient elements to 
confirm the order of the rare earth elements, and to show that 
uranium must have Z = 92 ; of the elements from hydrogen to 
uranium he showed that six, with atomic numbers 43, 61, u, 
85 and 87, were missing at that time. Two of these element have 
since been discovered as stable atomic species— hafnium (i2), dis- 
covered by Coster and Hevesy in 1924, and rhemum ( , 5) diseovoru 
by Noddack and Noddack in 1926. It seems probable that no 
stable nuclei of the other elements exist in Nature, but rad'oactn c 
elements of atomic numbers 43, 61, 85 and Si are now knmn , e ther 
as members of the natural radioactive famihes, or as products of 

nuclear reactions (see Chap. XVIII). • , ^ • 

The great significance of Moseley’s work from the point of view 

of atoiSc structure lies in his suggestion that the atomic "““ber 

of an element is identical numerically with the positive electrical 

charge on the nucleus. The unit of positive electricity is the charge 

on the proton, and on this basis the hydrogen nucleus has a ch.irge 

o? -k 1 and this value increases by unity as we come to each 

Icteding element until at the end of the list of natura elenaents y 

have the uranium atom, with a nuclear charge of + 9-. Mosele) s 

suggestion has since been verified by Chadwick’s measurements o 

thf deflexion of a-particles in passing through metallic foils, and 

U fundamental in all modern work on the quantitative aspects of 

“TiTnfagnitode of the nuclear charge fixes at once the number of 
electrons in the extra-nuclear structure of the atom, since the atom 
as a whole is neutral. Thus hydrogen ^^U^ave one such electio 

”:r, £ ;r aa ^ 

properties of the elements ; and thirdly, what happens to the elec 
iroAic arrangement when chemical combination occurs. It has 
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one of the achievements of theoretical physicists to elaborate the 
nuclear atom model into a rigorous and quantitative theo^)^ 
answering these problems. 

We may note, at the outset, that two views are current as to the 
nature of an electron. The first, adequate to explain a large range 
of experimental facts, is that the electron in an atom is a minute 
particle of mass 1/1840 part of the mass of a proton, and charge 
equal to — e, moving in a definite orbit around the nucleus. The 
second, and more recent view, required to interpret certain pheno- 
mena, is that the electronic charge is not localized in a small element 
of space, but that there is a probability function which represents 
its distribution at any time. For very many purposes of physical 
and chemical theory, the idea of electrons moving in orbits of 
different energies is a satisfactory approximation. It had its origin 
in the postulates made by Bohr in explaining the spectrum of the 
hydrogen atom, and was elaborated by Bohr, Sommerfeld and others 


into a comprehensive general theory. 

According to classical electromagnetic theory, a circulating elec- 
tron woulfl continuously radiate energ>\ To overcome this diffi- 
culty, Bohr postulated that atomic phenomena must be subject, 
not to classical dynamics, but to quantum laws. In particular, the 
total energy of an electron can assume only certain values, proper 
to a range of permittetl orbits, which he termed stadonnn/ states, 
in wliich it ciri-ulate.s without radiating energy. W'lien an electron 
pa.sses from one stationary state to another, radiation is cither 
oinittcd or absorbcrl, the difference in energv of the two states 

being related to tht‘ frecjiiency of the radiation emitted or al)Sorbed, 
bv the relation 


Ihe great. 'V t!i.- energy dilTerei .-f. betwe.'ii the stationary states 
1 an.l 2, th.- high.T is the frequency of the radiation absorbed or 
eiiiitt.Ml-i.c. tlie short, T Its wave-length. There is evidence that 
the ele.-trnns ar- arrang.-d around the nucleus in a series of ‘ shells ’ 
ea.li with a hmifed nuinb.'r of orbits. Transitions between ener^ry 
states ol the oul.-rmost shell of tie- atom give rise to absorption 
or ennssiun ni rhe optical >peelrum. whilst when ele.-trons are dis- 
l-l='--ed troni the inner and doep-seate.l shells, the X-rav spectrum 

IS .‘Xeil I ■!. • t 1.^01 

llie X-ray and visible or ultra-violet spectra of the elements 
have be..n Wi.lely studied, and f..r manv ehunents thev liav^^ 
analysed in ..-real .h-tad. The result of this auaivsis liiis been that 
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electronic states of the atom. Properly interpreted, indeed, the 
optical and X-ray spectra of an atom give a complete picture of 
the possible electronic orbits within the atom, their ener^, and the 
distribution of electrons amongst them. The state of the atom in 
which all the electrons are in the orbits of lowest energy is referred 
to as the ground state, and can also be deduced from the spectro- 

^ Bohr showed that his postulates lead at once to the calculation 
of the energy E„ of an electron in a hydrogen-hke atom (i.c. an 
atom with one electron only) and a nuclear charge + le. is, 

in fact, given by 

- *2 n® 

In this expression Z is the atomic number, e and m are the electromc 
cLrge Z mass respectively, h is the Planck constant and n which 
is termed the principal quantum number, can have the values 1, 
2 3 etc The ener^ is least (i.e. the state is most stab e) when 

"’=1 and increasef (becomes less negative) as the value of a 
increases Transitions between orbits, defined m this manner b> 

SXSt »bll. te M M . . . » •“"il-lj- 

-ii sffi .b. ™ 

are more complex. Although an integral principal quanUim number 
» caTbe assiLd to each electron, this quantum number alone s 
Lt Bufficieni to account for aU the lines in the spectra o! the 

^kme^ It is necessary to specify three ^rlmirof th” 

which, in effect, bring “'^2m\hX fofeVrS:^^^ 

variable field of force compounded of the attn 
and the repulmon of other 

5 .‘.nd ... 

only certain values whicli arc given y 
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I can have the values 0, 1, 2 . . . (n — 1) when the principal 
quantum number is n. Electrons with i = 0, 1, 2, 3 . . . are 
called s, p, d, f . . . electrons respectively. This nomenclature is 
a survival of an old and empirical notation {$ — sharp, p = prin- 
cipal, d = dilfuse, / = fundamental) which was based on the 
appearance of spectral lines due to electron transitions involving 
these levels. The usual method of describing an electron is to 
give the numeral representing the principal quantum number first 
and then the letter, representing the azimuthal quantum number ; 
thus a 3p electron would have n = 3, 1 = 1, while a Is electron 
would have n = 1 and 1 = 0. It should also be noted especially 
that the possible values of I depend on the value of n, as is shown 
below. 


K shell = 1 

L , , = 2 

M ,, n = 3 

N ,, n = 4 


Z = 0 (s electrons only) 

Z — 0, 1 (s, p electrons) 

Z = 0, 1, 2 (s, p, d electrons) 

Z = 0, 1, 2, 3 (s, p, d,f electrons) 


m = 2 


The introduction of a third quantum number, the magnetic 
quantum number m, is necessary to account for the Zeemann effect 
— the splitting of spectrum lines into several components when the 
source emitting them is situated in a strong magnetic field. This 
effect, which implies that orbits defined by the same n and Z are 
identical in energy (‘ degenerate ’) only in the absence of a mag- 
netic field, has been interpreted as follows. 
The orbital angular momentum, measured 
by I, is a vector quantit}". If an external 
magnetic field is superimposed on the field 
of the nucleus, the electronic orbits take 
up a definite orientation with respect to the 
field, but according to quantum principles, 
only those orientations are possible for 
wliich the component of the orbital angular 
momentum in the direction of the magnetic 
fK‘Id is quantized also. As may be seen 
from hig. 1, this component m may have 
any of the 2Z -f- 1 values Z, Z - 1 . . . 

~ effect of the magnetic 

hold IS to replace the .smgle stationary state «, Z by 2Z + 1 sub- 
levels, of slightly differing energ^q defined by tbe third quantum 
luiinbor m. ’ ^ 

Finally, to acro.int for the mnltiplet structure of spectrum lines 
It IS necessary to assign to each electron a fourth quantum number s 
the spin quantum number wltich can have the two valued + 1/2 



Fi<i. 1. — Pusj^iblc orienta- 
tion of tlio / vet lor 
iitul eoiTesj)i>n(ling tu 
valuc.^ 1=2, 
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or — 1/2. This may be thought of as measuring the angular 

momentum ^ of an electron spinning about its own axis. 

\ 2 2.T/ 

One other important principle must be introduced in order to 
see how the four quantum numbers n, I, m and s fix the number o 
electrons accommodated in each shell of the atom. This is known 
as the Pauli Exclusion Principle, and it states that no two electrons 
in the same atom can have the same values for the four quantum 
numbers n, I, m and s. This means, in effect, that every electron 
in an atom differs from every other electron m total energy, and 
that there can be as many electrons in each of the shells as there are 

possible arrangements of the quantum numbers. 

For the first four shells, taking the permissible variations oi n 
I and m, we then obtain the numbers of possible electron orbits 

set out in Table 3. 

Table 3 


SheU 


ToUil 


K . . 

L . . 

M . . 


N . . 


0 

0 

1 . 0 . - 1 

0 

1 , 0 , - 1 
2 , 1 . 0 , - 1 , - 2 
0 

1 . 0 , - 1 

2 . 1 . 0 , - 1 , - 2 

3, 2, 1, 0, - 1. - 


I I 


These totals of 1, 4, 9, 16 do not take into account the spin quantum 
number ; each orbit can accommodate two electrons with s - -f 1/^ 
and s == — 1/2 respectively. We accordingly find the maxmiuni 
number of electrons in the K, L, M and N shells to be 2. 8 18 and 
32 respectively. These numbers, arrived at from a consideration 
of spectroscopic data, wiU be recognized ^ related to the 
of elements in the various periods of the Periodic rable. Ihus the 
first two short periods contain eight elements each, the first and 
second long periods contain eighteen elements each, j^d tfi'rd 
long period contains thirty-two elements. It is, indeed evident 
that 4e periodicity in chemical properties must be derived in some 
very direct manner from the similar electron arrangements m the 

outer valency shell of the atoms. , i /* -i. i •*„ 

The allocation of all the electrons in each atom to definite orbits 
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is in a sense a joint triurapii for the chemist and the physicist, for 
it is an undeniable fact that the Periodic Table and a knowledge of 
the valency of the elements has been of great ser\nce in interpreting 
the physical data. Table 4 (p. H) shows how the electrons are 
believed to be arranged. It is seen that the K shell, which can 
contain only two electrons, is completed in helium, and that all 
elements with more than two electrons have the K shell full. Simi- 


larly between lithium and neon the 2s and 2p orbits are being filled. 
For n = 2y I can have the values 0, 1, while m can have the value 
0, and 0 or d: 1 for I = 0 and 1 = 1, respectively, and s can be 
d; 1/2. Thus there are only 8 possible orbits in the L shell, and, 
after neon, the next element, sodium, ha.s the new electron in a 3s 
orbit. The process of building up of the 3s and 3j3 orbits then 
continues until argon is reached. Argon, like neon, kr^'pton, xenon 
and radon, has the s and p orbits in its outer shell completely filled. 
This particular configuration, commonly referred to as a closed 
shell, is very stable. The resultant orbital angular momentum and 
electronic spin are both equal to zero, so that the interaction of 
e.Kternal systems, e.g. electric or magnetic fields, is minimized. 


After argon the next two elements, potassium and calcium, 
accommodate tlie new electron normally in the two 45 orbits, but 
in the next element, scandium, it i.s tlie 3d orbit instead of the 4p 
orbit, wliich take.s the a<lihMl electron. In the following elements 
from scandium to zinc the ten 3d f>rbits arc i»cciipied in preference 
to orliits in the incomplete N shell. Two cjuestions immediately 
present themselves at this point, namely, how is it known that tliis 
is so, and why do the electrons go prcfei<-ntiaUy into the M shell in 
3d orbits after having started to fill orbits in the N shell ? The 
evidence for this assignment of d.-'trons is spectroscopic. The 
spectra of the el.-m.-nts in qu.-st' n flmt the orbits to which 

the electrons have been assiiir.-ed ar ones of the lowest total 

energy, and for this reason iicy a-e occupied preferentiallv. It 
will be noted that in < lin>miu ar electron is rcjwesented as liavin" 
eft the, 4s nnd reverted to tlie 3d orl.it, wliile tile same thing has 
happene.l m copper. 1 his will be referred to later in connexion 
with variable valency, but it may be .stated liere that there is often 
onl> a sm.'iU dillerenre m energy between two sueli alternative 
ortnts, so ll.at an eleetron can be fransfi-rred from one. to the other 
<iuite easily. I hese elements m whi<-li inner orbit.s are beiim filled 
m piv eivnee to outer orbits are railed transition elements! 

full < ot!ilaenu-nt on 8*,' I^rlnms ''' Frmn !aUium 1 

..rh.ts are ooc.p.o.l, l.owavor, fr,„n y,t„„,n L ™Zium 
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4(Z orbits are occupied in preference to bp orbits. The reason 
for this reversion is again that the energy of such orbits is lower. 
These ten elements constitute the second transition group. The 
elements succeeding them, as far as barium, have first the bp and 
then the 6s orbits occupied, after which, in lanthanum, an electron 
goes to a bd orbit. In the following fourteen elements, however, 
the added electrons go into 4/ orbits, although the bd. and bp orbite 
are also available. The reason for this behaviour is the same as in 
the case of the transition elements ; the total energy of such an 
electron is less in the 4/ than in the alternative orbits. The elements 
in which the 4/ orbits are being filled are the rare earths, and we find 
in the fact that onl}' an inner shell of electrons is changing a ready 
explanation of why the valency and general chemical character 
remains substantially the same throughout the group. 

After the rare eartlis there is a third group of transition elements 
(Hf to Pt inclusive) in which the bd orbits are being occupied, and 
from thallium to radon the bp orbits are being filled. Radon itself 
has the characteristic inert gas structure with a complete octet of 
electrons in the outer shell. The last elements mark the com- 


mencement of a fourtli group of transition elements in which inner 
f)rbits are occupied in preference to the Tp. By analogy with the 
jueoeding series, either 5/* orbits or €ul orbits might come in question 
here. The chemical analogies of thorium, i)rotactinium and uran- 
ium to hafnium, tantalum anvl tungsten, rather than to actinium, 
indicates that as far as iiranium. at least, the 6r/ orbits are occu- 
])ied pn-ferentially. There is suiac theorwlical justification for the 
view that the stability of 5/ orbit.; should become comparable with 
that ol i^rbits at alto\it Z = l‘i2, ami the chernical properties 
of the newly tliscovered ‘ transuranic ’ eleioeuts. as far as the}’’ are 
known, are compatible with the * •. w that f^'orbits are increasingly 
favoured as the atom*'' "i :bf- uerc r'-es beyond i>2. As far as 
IS Known, curium (Z . f .f^.rmly trivalent and rare-earth 

like in po'p.Tties, an- . Ux ’’ lias 7 electrons in the 5/ shell. 

I he \\ .i\ e - Mechani .■» ^ 'rn. -- Ihe theory of atomic structure 
devclnp.-.l in the precf.lim, .. ct i<m is based on the original conception 
of an el.-. tron as a cliarged particle, moving accor.ling to the laws 
of mechanic,-; in a d fmite ..ibit. In 1‘)24 de Broglie suggested that 
an electron, or iialecd nnv material part.icle, could i)e regarded 
alternatively, and with e.iual truth, as imdulatorv in character; 
a travelimg tram nf waves, with a wave-length determined by the 
energy Tins idr‘a was veritied when DavissoA and 

Geimer (l.!_0 ami (., T. Thomson (HtJS) discovered that a beam 
of ehx trons underw. nt rlifiVaction by a crystal lattice, in the same 
wa> as a tx-am <4 X-rays ,.f .^nmlar equivalent wave-length. At 
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about the same time the mechanics of the electron waves were 
developed by Schrodinger (1926) and others. For any explicit 
discussion of the new quantum mechanics, the reader is referred 
to other sources. The essential features of atomic structure, dis- 
cussed already, fall quite naturally into place, however, in the newer 
outlook, and a qualitative understanding of the quantum mechanical 
atom is of considerable value in discussing the problem of valency. 

The quantum mechanical electron is described mathematically 
in a form (Schriidinger’s equation) similar to the equations of 
harmonic motion in ordinary dynamics. If the potential field m 
which the electron moves is specified, the energ}^ of the electron 
can be related to a quantity, usually represented as Y', the solution 
of the Schrodinger differential equation, which is formally equivalent 
to the amplitude of the electr^ wave. In general, is a complex 
quantity, but the product (where ^ is the complex conjugate 
of is real and may be regarded as measuring the electron density, 
that is, the probability of finding an electron in any element of 

volume. ^ „ 1 

An electron travelling in free space is forraaUy analogous to a 

wave propagated in the same direction. An electron movmg m any 
periodic field— as for example in a closed orbit— is, however, com- 
parable with the stationary w'ave pattern of some harmonic oscil- 
lator. Such waves have some suggestive properties, as may be seen 
by considering the one- or two-dimensional mechanical analogy of 
a stretched string or a vibrating disc. The equation of harmonic 
motion in such cases has more than one solution, corresponding to 
the fundamental vibration and its harmonics, but the solutions are 
not independent, and correspond to different cnergie.s of vibration. 
The frequencies (and therefore the energies) of the harmonics are 
related to that of the fundamental by changes m a whole-number 
parameter-the order of the harmonic-which thus pla>^ the role 
of Bohr’s principal quantum number. The order of the harmonics 
determines the number of nodes : thus m a vibrating string the 
vibration has n — 1 nodal j)(nnts. For each spatial co-ordinate 
which must be introduced into the wave equation, a corresponding 
whole-number parameter must be introduced to describe fully the 

harmonics. , , t 

For an electron circulating in an orbit about an atom '''c 
then, a wave equation satisfied by a number of solutions Those 
solutions correspond to a series of discrete energy states, each 
characterized by the value assigned to a whole number parameter n, 
the principal quantum number. The standing wave pattern to 
which the circulating electron corresponds is tlmee-dimensional, so 
that the modes of vibration represented by the solutions of the 
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wave equation are spherical harmonics. The nodes are nodal sur- 
faces which may be spherical shells or diametral planes — and to 

‘define each ener^ state completely three quantum numbers must 
necessarily be specified. The three quantum numbers n, I and m 
thus enter as a necessary part of the wave-mechanical description 
of the electron circulating about an atom, and it is found that the 
values which can be assigned to I and m are inherently restricted 
to those which were specified on mechanistic grounds in the pre- 
ceding sections. 

The case of a single electron, circulating in the electrostatic field 
of the atomic nucleus, can be so framed that the resulting wave 
function is separable into two factors : (i) A radial wave function, 
which is a function of the principal quantum number n and the 
azimuthal quantum number I only. This has the general form 

7?(r) = C^(r).exp( ^ | ; (ii) An angular wave function, w'hich 

\ 

describes the variation of around the atom, as dependent on 
polar coordinates 0 and (/>, and which is a fimction of the subsidiary 
quantum numbers I and m only. The general form here is 
=/(C>).exp(i From these wave functions there may 

be constructed the corresponding radial and angular distribution 
functions. Tlie former measures the electron density at every point 
along any radial direction. The angular distribution function 
measures the probability of finding the electrons along any azimuth, 
and so varies from zero in t“ach noclal plane to a maximum in certain 
directions. It may be represented graphically by means of a polar 
diagram, in which the length of a line drawn at a\ angle 0 measures 
the value of the <listril)ution function that direction. The 

angular distribution fumtion accordingly describes the svmmetry 
of the clistribution of electron density. 

Tlie gcmeral form of the radial an<l angular wave functions and 
distribution functions is shown in Fig. 2. The distribution function 
of an .<? electron <lisplavs .spherical symmetry, with « — 1 spherical 
nodal surfaces, on which the electron densitv falls to zero. The 

soni'* radius whic^h corresponds 
clo.st'ly to the radio- of the Bohr orbit : although the electron is 
nr.t r.‘stri( tc.l t.> a parti< ular orbit, it may b*. said to spend much 
of Its tmio at al.out that distance from the iiucU.us. Tlie number 
of nodal j.lanes in the wave fumtun is givim bv L llcrue the p elec- 
tn.n wave funrtl..n has a single no<laI plane.' which mav have any 
of tlirce spatial orientations oorre.s],on<ling to the value of the third 
quantum numher Combining the angular and the radial distri- 
bution functions a ;> wave function corr<*.spoiKls toa <lumb-bell shaped 
<listributinn of electron -Iciisity, which may have its axis along any 
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of tliese orthogonal axes. Strictly speaking, this is not the form 
of® wave function obtained by direct solution of the wave equation, 
though equivalent to it. For d and / wave functions, with two 
or three nodal planes respectively, the correspondmg electron 
density distributions are more complex, but in each case the number 
of independent wave functions is limited to 2Z -h 1, as it was on the 
particulate, or Bohr-Sommcrfeld, model of the atom. 


Radial Wave Function I Radial Distribution Function Angular OistribulionFuneliun 



P,„. 2.-:rh» fbrm of ,i) tho 

ira’lon^a^y gS radial diroctioo, for . and , cloc.rons of a l.y.lrogcn. 

like atom. , . .. , ^ ^ rnflins of tho first liuhr orliit of 

Absc^Hie i’or ""tTU witirdiculur JJohr orbits {i.e. U. 'lp. 

S: rial di..ril,u.ion function c„inci,lca wdl, the rad.,,. 

of the Bohr orbit. 

The model thue de.scribed in very general 
to the one-electron atoni. It may, m prmcii, e, be ‘ 
the heaw many-electron atoms even though tlu. matht natical 
iLS'of evlating the wave function., exphet y may become 

intractable. We may note two features ‘'‘f 

ticularly fruitful in developing a ‘>*“7 "I? j ' 

Firstly, that the electron is not rigorously localized, but th.it 
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is a finite probability of finding it in an element of space other than 
its most probable orbit ; and secondly, that the electron density 
distribution of p and d electrons — which may be involved in bonding 
with most elements other than hydrogen — is inherently directed in 
space. The relevance of these features will be apparent in a later 
chapter. 



CHAPTER II 

ATOMIC ^^IGHTS AND ISOTOPES 

In Dalton’s formulation of the atomic theory, the relative weights 
of the atoms were regarded as being the most characteristic and 
fundamental property of the elements. The chemical properties 
of an element are directly determined, however, not by its atomic 
weight but by the number and arrangement of the circiimnuclear 
electrons. These, in turn, must necessarily be numerically equiva- 
lent to the nett nuclear charge, or atomic number, of the element. 
The atomic number thus replaces the atomic weight as being the 
primary characteristic of each element, and the existence of atoms, 
differing in mass, but with the same nett nuclear charge and 
therefore identical chemical properties, at once becomes conceivable. 

The recognition that such isotopes could exist was fost foiced 
upon chemists from the study of the radioactive elements. It has 
since been shown, largely as a result of the pioneer of J J 
Thomson and F. W. Aston, that the stable 

up of mixtures of isotopic species, and that very ew o i . , ’ 

indeed, are simple {see Table 1). Our knowledge of cxistei ce 

of isotopes of the stable elements is derived . 

vided by the mass spectrograph,^ and from the study of band 

"^SVration of the mass spectrograph is based 
of electrically charged atoms or molecular fragme - , ^ 

trical or tna^ctic Lid. The element to f 

form ions, which, after collimation to a .suitable beam are '>»'d<-ctcd 
to the action of measured electrical and magnetic fi< his. The ons 
are thereby deHccted. the magnitude of the 

?Mfa“^>a™boUe c«ve,‘*;r applieii^ 

bridge, elol., eee Aston, op. cit., pp.^oj, o • 
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as to exert a focusing effect, whereby particles of the same e/m are 
concentrated into an image of the slit system. The latter method 

especially has given results of great value. 

When a beam of positive rays, formed from a complex element 
(i.e. one consisting of several isotopes), is subjected to the action 
of the electrical and magnetic fields, each nuclear species, having 
some definite nuclear mass wi, is registered separately on the photo- 
graphic plate. By ‘ bracketing * the observed mass lines between 
those of known ions, the relative masses of the isotopes of many 
elements have been compared with great precision. In his second 
mass spectrograph,® Aston achieved an accuracy of 1 part in 10,000 
in the measurement of isotopic masses. 

An alternative method of studying isotopes, especially in the 
case of the lighter elements, is based on spectroscopic measure- 
ments. The absorption (or emission) spectra of molecules are 
comple.x, and are produced by 

(«) changes in the rotational energy of the molecule, giving rise 
to an absorption spectrum in the far infra-red ; 

(?)) changes in the vibrational energy of the molecule, which — 
in combination with simultaneous changes in the rotational 
cnerg)^ — give rise to absorption bands in the near infra-red ; 
(c) electronic transitions, combined with changes in both vibra- 
tional and rotational energy, which produce a band spectrum 
in the visible or ultra-\’iolet region. 

The rotational and vibrational energies of a molecule involve the 
moment of inertia and the reduced mass of the vibrating atoms, 
respectively. Both of those are .'efore function-s of the masses 
of the atom.s concerned, and as si.- will be modified if one kind 
of atom be replaced by its isotop*- of different mass. The result 


will be a small displacement of the rotational and \dbrational lines, 
from which isotopic masses may be calculated. 

Notable examples of the success of the optical method are pro- 
vided by tbe discovery of the isotopy of oxygen, carbon and 
nitroi^en. Tbe absorption bands of o.x3'gcn sbowed a series of 
rotational lines which Oiauque and Johnston ® wore able to account 
for quantitatively by attributing them to a molecule, wliich may 
be formulated formed by the union of one oxvgcn atom of 

mass IG with an oxygen atom of mass 18 ; a secon.l,'niucli fainter 
set of linos was due to a molecule The existence of isotopes 

of oxygen with masses IS and 17, rcspecti\'elv, which had not been 
revealed by the mass spectrograph, was thereby established. The 
heavy oxygen isotopes are relatively rare, the proportions being of 
*iVoc. Roy. Soc., 1927, A. 115, 487. 

=• -Va/»ro. 1929. 123, 318. S31 ; J. Amcr. Chem. Soc.. 1929, 51. 1436. 
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tte order O^® : O^^ = 600 : 1 ; O^® : 0” = 5 : 1. In a similar way, 
the so-called Swan bands in the flame spectrum of burnmg hydro- 
carbons, which are produced by a transient C2 molecule, revealed 
the existence of an isotope present to the extent of about 1 per 
cent* Naude,^ in an examination of the absorption spectrum 01 

nitric oxide, likewise found absorption bands 
Ni^0'« in addition to those of and In all 

these cases, the existence of the rare isotope had not been shown 
by the mass spectrograph, owing in large measure, probably, to the 
existence of more abundant molecular fragments of nearly the same 
mass. Thus, H^O and HO, invariably present in the discharge, 
have about the same masses as and 0^" ; has nearly the 

same mass as Only in the case of hydrogen is the isotope effect 
in the atomic line spectrum sufficient to afford a ready means of 
detecting isotopy. Deuterium was detected spectroscopically m 

this manner.® ^ . ,1 ^ 

In Table 1 are summarized the data at present available as to the 

isotopic constitution of the elements. Certain features at once 

stand out from an examination of the figures, shedding some 

light on the important problem of the structure of the atomic 

“TShe mass of a stable nucleus is (e.xcept for H' and He») never 
less than Udcc its atomic number. On current vieus, it is b 
up of protons and particles of unit ma^ and zero 
nLtrons. Hence there are always at least as many neutrons m 

the nucleus as there arc protons. ^ i Tn 

(6) The number of neutrons in the nucleus tends to be even. 

general the isotopes of elements thrown 

mass numbers, whereas the most abundant isotopes of the e% on 

elements are, in nearly all cases, those of even mass. 

(c) In only two cases— hydrogen and potassium— ha^e clement. 

of odd atomic number been found to possess more 

Of these exceptions, the third isotope of hydrogen, H or tritium, 

doel n:? ocour'natumlly, while the rarest of the 1'— 

K‘» is probably responsible for the radioactivity of potassium am 

fhu; Xtitutc^s an*^ unstable species. Wiere ® ®-®f 
atomic number consists of two rsotopes, ‘’'®"® ® 
mass number by two units, in accort ance wi i ( x j, 

(d) The elements of even atomic number arc, for the most pait, 

much more abundant in nature than arc the odd elements. 

‘King and Birgo, Nature. 1921). , I'ln. ‘i'iS 

‘ Phys. Jtev., 1929. [U], 34, 149S ; 35. I. . 2(17, 

•Urey, Brickwedde and Murpl.y, «W., 1932. [n], 40 . l , - . 
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Table 1 

Isotopic Cormposition of (he Elemenis • 


EUmtiit 

1 

> Atofnie 
number 

1 

Stable UctopeM^ in order » 
of abundance j 

Element 

\ Atomic 

1 number 

1 

Stable ieotopes, in order 
j of abundance 

H 

1 

1 o 


i 

1 

Sn 

i 60 

: 120, 118, 

116, 

119, 

He 

2 

4, 3 


I 


j 

117, 124, 

122, 

112, 

Li 

3 

7, 6 




( 

( 

114, 115 



Bo 

4 

9 



Sb 

51 

121, 123 



B 

Q 

i 11, 10 


1 

Te 

52 

130, 128, 

126, 

125, 

C 

G 

1 12, 13 


1 



, 124, 122. 

123, 

120 

N 

7 

1 14, 15 


:i 

1 

I 

53 

; 127 



O 

8 

; 16, 18, 

17 

1 

Xe 

54 

129, 132, 

131, 

134, 

F 

9 

i 19 




1 

136, 130, 

128, 

126, 

No 

I 10 

20, 22, 

21 



j 

124 



No 

U 

’ 23 



Cs 

55 

1 

133 



Mg 

12 

24, 25. 

26 


Ba 

56 

1 138, 137. 

136, 

135, 

Al 

13 

i 27 


ji 



134, 130, 

132 


Si 

14 

' 28, 29, 

30 

II 

La 

! 57 

i 139 



P 

15 

: 31 



Ce 

58 

140. 142, 138, 136 

S 

16 

32, 34, 

33 


Pr 

50 

141 



Cl 

17 

35, 37 



Nd 

00 

142, 144, 

146. 

143, 

A 

18 

40, 36, 

38 

ii 



' 145, 148, 

150 


K 

19 

39, 41, 

40 

|1 

Pm 

61 

None 



Ca 

20 

40, 44. 

42. 

43, 48, 46 

Sm 

62 

152, 154, 

147, 

149, 

So 

21 

45 




1 

J 

14S, 150, 

144 


Ti 

1 no 

I 48, 46, 

47, 

50, 49 

En 

i 63 

151, 153 



V 

23 

: 51 



Gd 

' 64 

158, 160, 

156, 

157, 

Cr 

24 

52, 53, 

50, 

54 



155, 154, 

162 


Mil 

25 

55 


1 

Tb 

05 

159 



Fe 

20 

56. 54, 

57, 

58 

L>y 

66 

104, 162, 

163, 

161, 

Co 

27 

59 




160, 158 



Ni 

, 28 

58, no. 

62, 

61. 04 

IIo 

67 

16.7 



c:u 

20 

63, 05 



Er 

68 

166. 168, 

167, 

170, 

Zn 

30 

Ol, 60, 

68, 

67, 70 



1 164, 162 



Ga 

31 

(59, 71 



Tm 

69 

' 169 



Go 

32 

74. 72, 

70, 

73, 70 

Yb 

70 

;74, 172, 

173, 

171. 

As 

33 

75 





170, 170, 

168 


So 

34 

80. 78, 

76. 

82, 77, 74 


71 

i75, 176 


Br 

3.1 

79, 81 



Hf 

► . 

180. 178, 

177, 

179, 

Kr 

30 

84, 80, 

82. 

83, S<' 



170. 174 



Ub 

37 

85, 87 



■ 't 

73 

ISl 



Sr 

3S 

88, sn. 

S7, 

S4 

* 

74 

184, l&O, 

182, 

183, 

Y 

30 

89 





ISO 



Zr 

40 

90. f 

1. 

91, : 1 

Ro 

m 

40 

1S7, 1S5 



Xb 

41 

' 93 



Os 

76 

192. 190, 

189, 

188, 

Mq 

42 

98, 90, 

95. 

•2, 97. 04, 



186. 187, 

, 184 

r ■« 

43 

44 

100 



Ir 

77 

193, 191 



1 0 
Ku 

rsono 

102,104.101,00,100. 

Pt 

78 

195, 194. 
192 

196, 

198, 

' Rh 
Pd 

Ag 

Cd 


96, 98 


An 

79 

107 



45 

40 

47 

48 

103 

ion. 108. 
im, 102 

107, 109 
114, 112, 

105, no, 

110, 111, 

Hg 

Tl 

Pb 

Bi 

80 

SI 

82 

S3 

202, 200, 
198, 204 
20.-,, 203 
2os, 200, 
209 

199, 
. 196 

207, 

201, 

204 

I In 


113, 

110, 

, 106, 108 

Tb 

90 




49 

1 

115, 1 

13 


U 

92 

238, 235 




aro* occurrmg. but rodioactivu iaotoju-a of potassium and mbidium 
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The Whole Number Rule and Packing Fractions.— One of 
the earliest results emerging from the discovery of the isotopy of 
the stable elements was that the relative masses of the various 
nuclear species, on the scale 0 = 16, were found to be very close 
to whole numbers. Prout’s old conception— that the elements were 
formed by the aggregation of hydrogen, and therefore that their 
atomic weights should be whole numbers— had been abandoned as 
a result of the work of Stas and others, which showed that many 
atemic weights, when determined accurately, were not integers. On 
the discovery of isotopes it became clear that the atomic weight or 
an element is only the weighted mean of the masses of its constituent 
isotopes, and that these nuclear masses were approximate multiples 
of the mass of a proton. The idea that atomic nuclei were built 
up of common structural units— protons and neutrons— once more 

became reasonable. 

More accurate measurements of isotopic masses in the mass 
spectrograph revealed that the whole-number rule is not stric y 
correct. The isotopic mass deviates, in general, from the nearest 
whole number by a smaU amount, and the magnitude of this diver- 
gence may be correlated with the stability of the nucleus. The 
masses of protons and neutrons, combined together m atomic nuclei, 
are not strictly additive ; a part of their mass is converted into 
energy, and represents the exothermic energy of formation of the 
nucleus. The greater the stability of the nucleus, the more energy 
must be released in its formation, and the greater will be the corre- 
sponding mass defect. A study of the divergence of isotopic masses 
from the whole-number rule therefore provides some direct measure 

of the relative stability of the elements. ,r>.- • i 

The equivalence between mass (M) and energy (E) is given by 
the Einstein equation E = Mc\ where c is the velocity of light 
(2-99776 X 10'» cm. per sec.). The difference between tlic mass 
of a nucleus and that of its constituent particles is termed the 
binding energy of the nucleus. Tlie respective masses of the proton 
and neutron are 1-00812 and 1-00893. Taking as an example the 
He‘ nucleus which has a mass of 4-00390, the of the 

the constituent particles is (2 X 1-00812 + 2 X nd 

and the binding energy is consequently 0-030..0 mass ^ 

28-12 Mev.’ This gives a binding energy per particle of about 
7 Mev. A value of roughly 6-9 Mev is found throughout t he tabk 
of elements, the maximum of 8-7 llev being found at mass of 
about 5D, f.c. for the elements near iron. 

’ An electron volt is the energy needed to raise Vvr.d to 

potential of one volt. The million electron volt uiut (Mev ) 

1-602 X 10-* erg., is in common use. One mass umt - 931 Me . 
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jMore convenient for consideration than the absolute departure 
of the isotopic mass from the whole-number rule is the quantity 
termed by Aston the packing fraction. This is the fractional 
divergence — i.e. the difference between the isotopic mass and the 
nearest whole number, divided by the isotopic mass. It represents 
the average gain or loss in mass per unit of mass in the atom in 
question, as compared with the state of nuclear packing in oxygen. 
Thus, the mass of the Ni^® isotope is given as 57*942. The mass 
defect is therefore 0*058 units, and the packing fraction is thus 

10X10- 

The packing fractions of the elements, when plotted against their 
mass numbers, lie on a smooth curve (Fig. 3). The numerical 



values fall t.vi„ hydroa,.., ( , 7S Ul to zero at 10-19, 

and to™ to a lunnnunn (- 10 x 10 ‘1 i„ tlia uoitthbourhood of 

and the packing fraction once in..re becomes positive for 
.lenients heavier than ineriiiry. The ininiiiiu,., in the packing 

i";, .“‘‘■'t'-* of iron re, resents a iiufxiniuin 

1 iiiul. ,,r stability. 1 Ins point is of s|,ecial interest because of 

.arth''''\uT'"’'! ‘‘r’ "‘c interior of the 

ITa U-r'Vv m 1 ■’ h ^‘i«nsaed more fully in 

in o' he‘^.nei, ; TtV "'l 

-t lludrit^ T P-i"t i» probably 

The packi:^t^o:':ui:!r::'::::i' “rr-' p- -33). 

nniubera of laotopes bir which precidou' 
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able. Such data are required for the computation of physical 


atomic weights. . , 

The Separation of Isotopes. — The problem of separating tlie 

isotopes of elements is one which has now assuined a considerable 
importance for both the physicist and the chemist. The physicist 
is primardy interested in the nuclear properties of separated isotopes, 
whereas the chemist’s interest centres on the apphcations of separ- 
ated or enriched isotopes as tracers m the study of cjicmical 
reactions. The theoretical and practical problems mvolved m the 

actual separation processes are aUo of the greatest 

Methods for separating isotopes now m use depend on differe 
in either the physical or the chemical properties of the isotopes or 
compounds cLtaining them. They arise from 

energy associated with isotopic species. The pom y . . 

trated by the particular case of the vibrational energy « ^ X o 
bond which depends on the masses of the atoms <=oncerned. 1 
is a difference in the so-caUed zero-point energy for the bond^ 
involS two isotopic species.® which leads to differences f 

reactivity and physical properties between isotopic molecules of the 
reacwviby ^uu I y i O nnd D 01 Effects due to isotopy are 
same compound {e.g. HjU ana ii. 

greatest among the lighter elements, where relative differtnces 


mass are greater. 

Separation by Fractional 

Distillation. — One of the 
earliest successful applications 
of fractional distillation in iso- 
tope separation was the partial 
enrichment of the mercury 
isotopes by Brbnsted and 
Hevesy,® using the principle of 

‘ ideal distillation 

A quantity of mercury was 
distilled at 40-G0° in tlie vessel 
shown in Fig. 4. The inner 
vessel was cooled with liquid 
air and the pressure in the 
enclosed space was sufficiently 
low for the mean free path of 
mercury atoms leaving the 
surface to be greater than the 

• For a review of the effect of 

iBotopy on thermodynamic proper- 
ties eee Urey, 1947, 502. 

• Phil. Mag., 1922. 43. 31. 



Fio. 4. 
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distance to the cold surface. Under these conditions all the 
atoms which evaporated were condensed, and the condensate was 
slightly enriched in the more volatile lighter mercury isotopes. 
When about one fourth of the mercury had evaporated the con- 
densate and residue were separated and systematically refraction- 
ated to give small heavy and light fractions with as high an 
enrichment as possible. From an initial volume of 2700 c.c. of 
mercury the following results were obtained : 


Lightest fraction 

. 0-2 

C.C, 

Relative 

dcnitity 

0-99974 

.4/om»c weight 

Light fraction 

. 2-3 

c.c. 

0-999824 

200-504 ± 0 006 

Normal mercury 



1-000000 

200 CIO ± 0-006 

Heavy fraction 

1-1 

c.c. 

1-000104 

200-632 ± 0-007 

He<avic3t fraction 

. 02 

c.c. 

1-00023 


I or the lighter elements and their compounds differences in 
vapour pressure for isotopic species are sufficiently great for useful 
separations to be obtained by the use of efficient fractionating 
columns. Liquid hydrogen, for example, may be fractionally dis- 
tilled near its triple jioiut and an enrichment of the deuterium 
content up to 3 per cent has lieen obtained in this way.^o Similarly, 
the fractional distillation oi licjuid neon, wliich normally contains 
the isotopes Ne=° and Ne-- in a ratio of about 10 : 1 and has an 
atomic weight of 20-18, lias given a product of atomic weight of 
2MG.“ Similar prim-iples have, been used in the fractional distilla- 
tion of water to obtain enrichment of deuterium and of the heavy 
O-xygeii isotope 

Separation by Traetional Diffusion. -The separation of 
gaseous molecules of (b.Teren* . .ht bv fractional diffusion is 
dircetly dependent on (Irah.r according to which the rela- 

tive rate of <lHVusion of two m,.’ enl.ir .species ami JA is given 
In the ratio (, 1 hs mst. application of this principle 

to isotope sa.p;.,atiou was .luc to Aston, who obtained a slight 
separation of ilie neon n.,t.op.-.. ilarkinsd^ working with hydrogen 
chloride at aLm-.spli.r.e pressure, .dso produed a small separatTon 
o he ci.lorine isof.pes. Alter laborious series of experiments, 

nor,:iar;:!]ur’or;;hd;^:' 

suk'‘l at aMnosplieric pressure is less 

suu.d b.i eircetivo .separation than is dhVu.ion at low pressure, 

II.umtie.s. /V.>c. /V. Akad. Wetensdu, Amsterdam. 

II 

1 


^Kcesom and van Dijk. ibid.. |y31 34 4 ’ 
J. Amcr. Chem. Soc., 1021. 43, 1S03. ’ 



ATOMIC WEIGHTS AND ISOTOPES 23 

where the Rayleigh diffusion theory applies. According to this, 
with apertures in the diffusion membrane small compared with the 
mean free path of the gaseous molecules, the actual enrichment (r) 
of the heavier component (d/^) of a mixture is given by . 

Mh -f Ml /initial volume 
^ ~ Mh— Mi\] Final volume 

With the neon isotopes 20 and 22, for example, the enrichment 
involves the 2Ist root of the ‘cut’, while for the separation of 
HBr’® and HBr®‘, the 80th root of the cut would be involved. 

Fractional diffusion at reduced pressure was ffrst appUed success- 
fully by Hertz,i=* who used a number of porous diffusion units in 



Fia. 5. 


series (Fig. 5), mercury diffusion pumps (P, I &) 
ated in the apparatus to circulate the gas. I u each of the ° 

sections, shown by a shaded area in the d.agra.ii, there 
enrichment of the lighter component in the ga.s f ^ 

porous membrane, Ld the direction of 

Ihe lighter component accumulated m the reservoir on the right 

&&d the tettvicr on the left. . ^ i 

After a period of operation an 

The total separation factor increases c.xponentially with the number 
of units, so that in principle any desired degree of separation may 

Physik, 1932, 79, 108; 1934, 91, 810. 


26 MODERN ASPECTS OF INOROANIC CHEMISTRY 


be obtained by increasing tbe number of units. Hertz applied a 
twenty-four unit apparatus of tbis type to tbe fractionation of 
neon, wbicb normally contains Nc*® and Ne*® in a 10 : 1 ratio. 
After eight hours’ operation the lighter fraction, occupying 30 litres 
at 10 mm. pressure, contained less than 1 per cent of Ne^®, while 
in the heavy fraction (400 c.c. at 7*5 mm. pressure) the Ne-° : Ne®^ 
ratio was 2 : 5. The method has also been applied for the complete 
separation of hydrogen and deuterium, the enrichment of in 
nitrogen, the enrichment of in methane, and for the partial 
.separation of the argon isotopes. Recently the same principle has 
been used on a technical scale for the separation of the uranium 
isotopes by the fractional diffusion of the and U-®®Fg present 

in uranium hexafluoride prepared from natural uranium. • In this 
case the lighter isotope is present to the extent of 0*7 per cent. 
Fluorine has only a single isotope, F>®, so that the separation is not 
complicated on thi.s account. 

Separation by Thermal Diffusion.^* — Useful separations of 
gaseous mixtures may also be obtained by thermal diffusion. If 
a mixture of light and heavy gaseous molecules is conffned in a 


Hot 

Surface 

A 


D 


' E 


Cold 
[ .^ Surface 

B 


space between two surfaces at different 

temperatures, tbe heavy molecules tend 

to diffuse towards tbe region of lower 

temperature, and tbe light molecules 

tow ard.'^ tlie region of higher temperature. 

I his effect is independent of ordinary 

diflusi(*n, which tends to restore a uniform 

eoncentration in the gas. If the two 

surfaces are arranged as shown in the 

figure, the. light component, which is 

e:ir!v ! d at tf ■ ofacc A, will be carried 

upw-.rds by convection to D, and tbe 

hea\ y conifmnent will similarly be carried 

downwards t.) (\ If the distance CD 

is relatively large comj)ared with AB, 

,, ,v «- • • dirtusion will cloarlv exert only 

a Hoall e!l.-et HI rest..nng a uniform cmeentration. 

I Ins ju imaple was applied l,y ( iudus and Dickel.^® The appar- 
atus ..s,. was a vertaal tub. ..f to 3 rn. in lemdh and 1 cm 

''ith a heated 

1 'annum um. Mmteh.d axially along the tube. Definite separa- 


C ^ 

I'm. Ik 


bor umre ^.tunpn huiii^ivo 
-Inn. /.V;./.s.. pllo, 37, 15.3. An 
ciilFudiurj is given, 

Xaluru-Us., iy3S, 26. 540. 


o yi. w ..f thi.s topic ^\Vlch. Chem. Soc. 
nuluafion of tho tluoretic.d basis of thermal 
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tions of both the neon and the chlorine isotopes were observed with 
a temperature difference of 600'’ between the wire and the outer 
surface. In order to obtain much greater separations several such 
columns, each 6-9 m. in length and arranged in series were used. 
The bottom of each unit was connected to the top of the next by 
a closed loop of tubing heated electrically on one side in order to 
set up convection currents and so mix the gas in the ^ 

of the two diffusion units. With such an arrangement HCl and 
HC1=’ were separated almost completely and in usef^ul quantities. 
The method has also been applied successfully to the separation 
of the heavy carbon isotope using methane as a carrier |is, 
the heavy nitrogen isotope N*^ and other gaseous mixtures The 
apparatus is readily constructed and neeiU little attention It may 
also be operated with a feed of normal material and made to yield 
a regular take-off of the enriched product required. The n cthod 
of thermal diffusion has also been applied to pure hquuU and bolu 
tions. though in general the separations in these cases . 

Other Physical Methods of Isotope Separation.— 1 he electro 

chemical separation of isotopes is used in t e prepara ion “ P'* 
deuterium (see p. 26G). There is at the .saine time a s nail enric^ 
ment of the hLvy oxygen isotopes. Marked «'Pa-t ons of the 
lithium isotopes have also been obtained, b.ased on 
is deposited preferentially with respect to Li a “ ^ ‘ ^ 

There is. however, no indication that isotopes of the he ar ^ 

can be separated to any useful extent on the basis of diffcrciu cb 

electrocbemical behaviour. . , . i fi.o 

The mass spectrograph offers an ideal ^o the 

of isotope separation. The quantities of ma ena \ 
forms of the instrument could furnish would. ^ ^ 

smaU. Recently the principle of the mass 7;^,* 'f ‘ 
used on a technical scale for the separation o ic . 

U*38 and U*®® and the same installations couUl aUo 
give at Tel gram quantities of the separated -^opes of ^ 
range of other elements. A third separu^ou 

has possibilities of further development dcpeiu ■ .j 

high^eed centrifuged® though, taking an 

ability of enriched stable isotopes and aho of radioac ■ P - 
“5!. physikal. C/icm., 1939. B il. m., 

‘’Taylor and Urey, ‘ ^ 

1938, 44, 111. See also Ix.'\vi8 and Mucdoiiuiu, a. 

• Atomic Energy fur Mih.ary Pur.K.e. • (I'rince.on Univer»i,y 
Prees, 1945), j). 195. in«ia *50 491 : Bcuins and MuHkel, 

‘•^eeBeamsandllayneM. 193 .5 . ^ 

ibid., 1937, 51 , 384; Beams and bnodd\, J. o/Kf j 
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it seems doubtful if tbis method will provide materials for research 
which are not more readily obtained by some other method. 

Separation by Chemical Exchange Methods. — It has been- 
foimd theoretically that there are small differences in the chemical 
properties of isotopic compounds, which, for the lighter elements, 
are sufficiently great to provide a basis for isotope separation.-® 
The most striking case is that of hydrogen and deuterium, which is 
discussed elsewhere (p. 266), but for elements such as carbon, 
nitrogen and sulphur very effective isotope separation methods 
based on chemical exchange have now been developed. 

As an example the exchange reaction between gaseous carbon 
dioxide and the bicarbonate ion in sodium bicarbonate may be 
considered : 

C»»Oa + (HC>=03)“ C1=02 + (HC 13 O 3 )- 

The equilibrium constant (A’) of this reaction is found to be 1-012, 
i.c. if the concentrations of the two ions containing ^re taken 
as large compared with those for the ions containing and there- 
fore constant, the ratio (HC‘303)V(C*=*02) = 1-012, and there will 
be 1'2 per cent more in the bicarbonate solution than in the 
gas in equilibrium with it. Such equililirium constants may be 
calculated from the properties of the individual molecules, deter- 
mined from molecular spectra. The following are typical values 
hu- K. 


K 

1-031 

1-026 

1-003 

1-019 

l-OdO 


I- - (..oh) N»*H.,(g) 4- (sol ) 

ll^N“(ti) ; (fN*-') - (sol.) ^ HCN'-’(g) -}- (('NH)- /yoi \ 

■' + (HS^H),)- (sol ) 

r (II-S’-O;,) ' (.sul.) (sol.) 

tn using til., rxchan-- m.-ih.id to produce enriched isotopes it is 
lii>t ol all nec.-.-;uy to Mcure conditions such that equilibrium is 
y'arhod. A itnihi . stage })roeos.s is soiuetime.s u.sed, a.s, for example, 
jn t II p!oi III tu»n X*'" l)y till auunonia-ainminiiuiii ion exchange 
reaction - .V solution ..f auunc uum nitrate is fed into the top of 
h'^ pa.-U.-.i c.Iunm A (I' g. 7) and of the liquid reaching the 
p.ss,:..l "„n V, .....! (.S). i„ anmu.ma .as is generated 

r A 1,'! Vl M "P Om- U-nth of the solution 

. hm. the holt.. in ..f /, into Iho .soon.l column A', at the 

o’r-n'o“ unit for regeneration 

if ; VV- H ,• "f “‘1 ♦>»= ammonia 

' ■ '' ‘ ‘ ■*“ •■''■'■angeiMOnt, for full details of the 

11M7, 'P3-C 57, 321 ; Urey, J.C.S., 

rhude and Uny, J. C/itm. Phtjs., J930, 7 34 . 
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operation of which the original paper should be consulted, there 
is a progressive enrichment in passing from E to E \ ammonium 
nitrate solution with an enrichment- of 72-8 per cent of N could 
be withdrawn from E” (the normal nitrogen isotopic ratio bemg 

A similar procedure has been used to obtain material emiched 
in using the exchange between gaseous hydrogen cyanide and 
sodium cyanide solution.®® This reaction 
is of interest because it involves both the 
carbon and the nitrogen isotopes. The 
isotope is concentrated in the gaseous 
HCN, whereas N^® is concentrated to a 
smaller extent in the liquid phase. Since 
hydrogen cyanide polymerizes readily and 
is poisonous the exchange reaction between 
carbon dioxide and the bicarbonate ion 
{e.g. in KHCO3) is a more satisfactory 
way of enriching C'®.®® Enrichment of S 
the heavy isotope occurs in the bicar- 
bonate. A counter current flow method 
is used and, since equilibrium is reached 
only slowly at normal pressures, COn pres- 
sures up to 50 atm. are employed, together 
with a packing in the exchange columns of 
a material such as glass fibre or alumina, 
which is found to catalyse the reaction. 

The heavy oxygen isotope is enriched 

in the gas phase in the same reaction. ovr-lrmao 

As a final example of isotope 

reactions, the case 1-2 ; S«. 0 016 per 

S! Th^^isotip^es^may be concentrated 

the lighter by means of the exchange reaction ^ S'*” 

and the bisulphite ion in a solution of sodium liisulphitc . 

S34o^(g) + (HS’^OJ- (sol.) ei + (HS^'Oj)- (sol.). 

The equilibrium constant for the above reaction^is ^ 019 - 

K; “srEriThV". ; ».»•»« f 

s -TT ’I 10*10 7 137* Hutchinson, Stewart otid 

*» Roberts, Thode and Urey, tbui., 193U, 7. i-i' » 

Urey, ibid., 1940, 8, 532. 

*» Reid and Urey, 1943. U. 403. Stewart and Cohen, 

** Thode, Gorham and Urey, ^bid., 1938, o, zuo . ow 
ibid., 1940, 8, 904. 
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ion. The method has been used to give concentrates with up to 
at least 25 per cent of 

Applications of Enriched . Stable Isotopes. — Enriched stable 
isotopes are used as tracers in the study of chemical reactions in 
much the same way as are radioactive isotopes {see p. 541). Typical 
applications of deuterium are considered later (p. 269). .The other 
stable isotopes which have so far been extensively used are 

mixtures of and O'® and mixtures of the heavy isotopes 
of sulphur. Isotopic assays are made with the mass spectrograph, 
the degree of enrichment needed in the material used for any 
particular investigation being governed by the dilution it undergoes 
in the course of the experiment. The quantities used in the mass- 
spectrographic assay of an isotopic mixture are small — usually less 
than 1 c.c. of gas. 

The isotope C'® is an alternative in tracer studies to the two 
radioactive isotopes C" and C". Sulphur enriched in its heavy 
isotopes ha.s also been used as an alternative to the radioactive 
isotope S®®. There is, however, no radioactive oxygen of suitable 
half-life and that of N'® is also very short (tj = 9-9 min.). 
O.yygen and nitrogon enriched in their heavy isotopes therefore 
assume a special importance in tracer studies. 

Most of the work done with N'® relates to problems of biological 
interest, such as those of protein clieinistrv. As an example of a 
|)roblem of interest in inorganic chemistry the study of the gas 
]>hase e.xchango reaction 

N“t ) r ■ Xi‘’0 -f N^'U. 

may I,e citccl. Tliis anil may be explain.', 1 by the iuter- 

iMi.'ibat,' ortmUmn ..f X,(_)„ the structure cf which is symmetrical 

' .N - l)).- An, .th.-r exchange tion of considerable 

mti-rcst .s that between (N-'), ami (X'i), on the surface of iron, 
nmgst, n ami „sn,,um.=^ In tile case , d' oxygen some of the most 
. i ciest mg worh jlone .■one, 'ins the e. ..bange between oxy-anions 
.mil th,' oxyg,'.i Ot water, Wim h I, ns b,',m .-i udie.l with water enriched 
m I.,' I.eayy oxygen ..otopes. Thus, for e.xaniple, there is a rapid 
. , -''“I-lete oxyg-n .'xiliaiigc i,. ..oiitral solution between water 

y l >mt,d out .hat m. , xp,.riui,'ntal approach otlier than the use 

r. ./. (.'hfut. IW, ;/■<., li»|o. «, 3 uj. 

Juris aiDl J'a\lnr, i/n</ 7 . 

mtl, 2H7. * iiiiNrr. Jtrns ami Taylur, 

Wintert Carlton aiul Iiris<*oo /f’ s* iniib !•>! 

■iW., IU40, 62, gs33; ll„ll .md'.Ue.xai'.’aer 3455 ''' 
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of isotopic tracer methods could reveal the existence of such 
exchange reactions. They may be explained in terms of reversible 
anhydride formation, though it is by no means certain that such 

a naive explanation is correct. . 

The Constancy of Atomic Weights.— The discovery of isotopy 
immediately raised the question whether the isotopic constitution 
of the elements is at all variable, or whether it is sensibly constant 
throughout the universe. In the case of elements derived troin 
many terrestrial sources— for example, chlorine from the sea, or 
elements from the sedimentary rocks— the known constancy ot 
their atomic weights is to be expected, since the eleiiients as now 
constituted must have been subjected to the mixing effect of many 
geological cycles, even if they were originaUy derived from varying 
sources. It is of more interest to examme the atomic eight ot 
elements isolated from minerals derived from the primary magma, 
and from meteorites, which latter afford information as to extia- 

Various workers have determined the ntoimo weight of chloi me 
from primary minerals — e.g. sodalite and apatite an vom me 
soured. In all cases, no difference could be 
chlorine and the normal chlorine from sea water, rims. Hark 
and Stone “ obtained for the atomic weight of chlorine froin inarmc, 
mineral and meteoric materials the figures given m a 

Table 2 




Salt — t.e. sea w 

Wcrncrito 

Socialite 

Apatito 

Meteorite 


ate 


Atofnie u^fiyht 

3;)-4574 

354574 

35-45S0 

354574 

35-4580 


Similar indications that cosmic and torre-strial 

atomic weights had already been providiid jy i .pi 30 

and Hilton on meteoric nickel, and of Baxter and Thorvaldsen 

no deviations from normal i-to,ac 

7 t"ity"oSetgl S: SKC.hI ."pmpared from silicon 

yiiu.rt9nX 33l:- 2 ^! 



32 MODERN ASPECTS OF INORGANIC CHEMISTRY 

derived from six different terrestrial sources and from six meteorites. 
Boron, however, according to Briscoe and his co-workers,®^ shows 
distinct signs of slight variability. The atomic weight of boron 
from Tuscan boric acid, Anatolian boracite, and Californian coleman- 
ite was determined by the chemical ratio BCI 3 : 3Ag, and by com- 
paring the density of boron trichloride from the three sources, with 
the results summarized in Table 3. The atomic weight of Cali- 
fornian boron is perceptibly higher than that of European or Asiatic 
origin. Since the mass numbers of the isotopes of boron — 11 and 
10 respectively — are relatively very favourable for fractionation, 
this apparent difference in isotopic composition may be real. 


Table 3 


Source oj boron 

Alornie tfdght from 

Density oJ 

Atomic weight 

DCI, : 2Ag 

BCU 

from density 

Boric acid. Tuscuiny . 

10-840 ± 0-014 

1-349273 

* 

10-823 ! 

Boracite, Asia Minor . 

10-8IU ± 0-004 

1-349213 

10*818 i 

Cokauanito, California 

10-840 ± 0-003 

1-349478 

10-841 

1 


The more intensive study of isotopic composition which has 
followed the discovery of heavy liydrogeu has shown that second- 
order differences in ihe proport ii.>ns of isotopes are not infrequently 
brought about Ijy the clieiuii al separation factor discussed above. 
In a«lditioii to the quite appr«M-iable variations in the proportion of 
the hydrogen isot*>pes found l)y niunerous workers,®® atmospheric 
o.xvgen is pere(*j)til>ly heavi'-r than oxygen combined in natural 
\vater.s. ^\nter made from atmospla-ric oxygen is 6-7 parts per 
mi ion hea\ itu* than that mailo by condiining the oxygen of water 
with the same .'Sample oi liydrog'ui. corresi.'onding to an atomic 
weigiit of lO iloul-J for at m.opla.ri.- uxvgen.®* .An appreciable 
\anation lu the ratio <-f th.. p.,ta.-.-ium isotopes has also been 
reported ; ac«-ording to IP-.as. r,®- th-.- ratio of : K®® is 15 per 
<-ent. higli.-r in pr.ta^Miim tn.in plant a.-lie.- tlian in potassium from 

l-hysical Atomic \yciKl-,ts. X„, ,„.Iv tl.t- numbers but 

u .-o th,. abun.huu,. ,,l l,„. „u,v I,,- .hf-nuined bv mass 

I r ""oh'- ‘I-- tlata wi^h the 

[ ^ ■ V _ fiaai..n> ot th- i-^otoj.o 01 ::, t,].., ,]u- mean atomic weight of 

■fJ'.s., i.nr. ; I'.jT. -^ 2 . 

Il’oT. PJ48. 

J. Amcr. ChcTii. Sc<., lyjo, 58, 370 
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the isotope mixture to be calculated, independently of any chemical 
data. It is thus possible to compute a physical atomic weight for 
many elements, which may be compared with the atomic weight 

determined chemically. . i . • 

The direct comparison of physical and chemical atomic weight 

has been slightly compUcated by the discovery that oxygen itself 

is not a siinple element. Chemical atomic weights are measured 

on the scale! normal oxygen = 16 ; physical atomic -^^ts ^ 

based on comparison with the isotope = lO-OOO. The relation 

between the !wo scales involves, therefore, “ 
relative abundance of the isotopes of oxygen^hiefly ^ 
ratio. This ratio is not yet determmed 5 “ 

but probably lies between 630 : 1 (Mecke and Childs > ^ 

(Urey, Manian and Blealmey -). The convemion factor^^ 

physical and chemical atomic weightys US develop- 

Chemical Atomic Weights and their Basis.— me ae\eiop 
ment of purely physical methods of calculating atomic weights 
ftom isotopTaWance data has enabled a comparison to be made 
^ m^y !ases “tb the values determined from chem.a r^ los^ 

^rv^difated'tlie accuracy of the 

Although the fundamental importance of the atomic ^ ^ 

cbaracteristic of each element has been ““PP'*"^ weights is 

of the atomic number, a knowledge o determinations 

still essential from the chemical ,tm 

of atomic weight afford, in many cases, a co different 

ing variations in th“!hys'i!arstudies of i.sotopy, tliere- 

sources. Concurrently with tne p y recent years 

fore, there has been a weigl^r and more 

devoted to the accurate fundamental ratios, 

especially to the precise determination of * - ‘ ,nalo 

The chemical atomic weights are, ot p (i^ter- 

0 = 16, but in most cases the stoiche.ometnc 

mined necessarily involve elements other t ian - > ^ metallic 

many elements the halide “f * pUbir of accurate 

halide: silver halide, ate oon^ni atomic weight 

experunental determination. Ihc „ , ^ weight of silver, 

from them presupposes a knowledge of the 

or of silver and chlorme or means obtained by 

SJljtrumb^oVSpondent ratios involving the atomic 
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weiglits of nitrogen, hydrogen, the halogens, silver, sulphur, carbon 
and sodium. 

The Ag : Cl and Ag : Br ratios are known with considerable 
precision. In practice, therefore, the atomic weight fundamental 
for the accuracy of all others is that of silver on the oxygen scale. 

In any precision determination of atomic weights three points 
deserve especial attention : the stoicheiometric composition of the 
compounds used, the quantitative completion of the reaction per- 
formed, and the problems of adsorption of air, etc., which are 
associated with the utmost refinement of accuracy in weighing. 
It is profitable to study recent work in this field from the standpoint 
of these requirements. The foundations of the necessary technique 
were laid by T. W. Richards ; the general principles established by 
him have in recent years been carried yet further, and have resulted 
in the c.xtromely accurate work of Honigsehmid's school at Munich, 
in particular. 

As illustrating the «levelopment of this work, the fundamentally 
important determination t)f the atomic weight of silver on the 
oxygen scale is insiructive. There are two general approaches 
to tlii.s ])r<jblem : the dinn t measurement of such ratios as 
KC IO 3 : K( 1 ; Ag : 30, wliercby the oxygen in a halogen oxvacid 
is equated direetly to tlie silver required for reaction with the 
eorrespoiuling lialule ; and tlie iiuUrec.t calculation of the atomic 
weight (»f silver iVom ratios involving the atomic weight of a third 
elcniciit — f’./;. from the ratio Ag:A/NO~, assuming the atomic 
Weight of nitrogen. 

!\Iarlgnae aial Stas attempted the direct correlatit>n between 
oxygen and siUa r by . arrying out the thermal deconqM)sition of the 
alkah ehlofiiir^ aiid hromat.-s. The value Ag = lOT-O.'b accepted 
many wars was base.l lar-oly on this methcul. The alkali 
rhloiates an<l l.romate.s are not. however, suited for the purpose 
ol tie- m....t a<cnrate d.-t-rminat ion.-.. Riehard.s earlv showed that 
only tliosr .ompounds can )..• brouL'ht t<. a ri-rniou.sly stoicheio- 
mt 1 1 K < ompM.-^itiiin that c-.in be li.-. tl from inctisture by strong 
a.iiinLr ] a <•!•■[ ab|_\ lu-ion in a suita1>le atmo>pliere; metallic 
• hmn. .uy tin,. * u toTnarily fu>nd in a .stream of drv hydrogen 
< Monde i... tore w,.m'hmg. Fu.d.,n is furtlun- desirable in that, by 



na^l. nnportant. as repres-nt ing th.: i.uvption of the niodern phase 

list. I iil.l,, 47. anonj. C/icm., lUOT, 55, 34. 
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of the subject. The evaluation of this ratio requires the assumption 
of the atomic weight of nitrogen N = 14-008, and although this 
value has recently been fully substantiated by the mass spectro- 
graphic method, and is supported, independently of chemical 
ratios, by gas density determinations, a confirmation of the derived 
value for silver by some direct silver : oxygen ratio was logicaUy 
desirable. The position of the atomic weight of silver m 19-7 was 
summarized by Honigschmid in the following table : 


(A) Direct Ratios. 

Ag : LiCl : LiCI04 : 40 
KClOs : KCl : Ag : 30 
IjOe : 2AgI, Ag ; I . 


Ag = 107-871 
107-871 
107-804 


(B) Indirect Ratios. 

Ag ; AgNOg . . - • 

NaNOj : NaCl ; Ag. Ag : AgCl . 
Ag,S04 : 2AgCl : 2Ag, N : S . 
MH 4 CI : Ag. AgNOa : Ag. AgCl : Ag 
2HjO : BaClg : 2 Ag . 


107-880 Assuming N = 14-008 

107-880 N = 14-008 

107-877 N - 14-008 

107-881 H »= 1-008 

107-876 H = 1-008 


Richards and WiUard (1910) attempted to overcome the diiiiculties 
inherent in the decomposition of alkali chlorates by couvertmg 
lithium chloride to the perchlorate. Lithium chloride %v.is e ( 
ated down with perchloric acid m quartz flasks, and the lithiui 
Zohlorre so foLed was weighed m sUu. It was not possible. 

however, to fuse the Uthium perchlorate w'ithout smme Z 

and the final weight had therefore to be corrected for the 

presence^of traces of chloride and chlorate. M may be ^ 

St when combined with the separately Jetermined rjtio 

AgiLiCl, gives a <liBtmctly lower ^ 

iBi .f .h. '1'-" sr ”ti'” Sli, a 

if-ol .f. d..l ‘nl KCIO. , K« : A, ...» 

transference and evaporation of ^ possible 

the dry reaction with hydrogen chloride gas It 

to fuse barium perchlorate weighed were avoided 

from the adsorption of gases on the ma • 8 foatures the 

by carrying out aU weighings in ihese two features 


w Z. anorg. Chetn., 1927, 163, 65. 


ibid., 1929. 178, 1. 
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iise of dry reactions wherever possible, and the elimination of 
adsorption errors by vacuum weighing — are characteristic of the 
modem work of the Munich school. Thus, Honigschmid has com- 
pletely confirmed the value found by Richards and Forbes for the 
ratio Ag : AgNOg by the dry reduction of silver nitrate to metallic 
silver. 

The method of conducting dry reactions is shown by the work 
of Honigschmid and Sachtleben, illustrated by Fig. 8. The barium 
perchlorate, in the boat Ay was dried at 260® in a current of purified 
and dried air. The quartz tube B was connected by means of a 
ground flange to a glass section C, and this in turn to the glass tube 
D which served for the transfer of the boat from the reaction tube B 
to the bottling apparatus After the completion of the drying, 

the boat was pushed into D, which could then be transferred, in a 
counter-current of dry air, to the bottling apparatus B. This could 
then be evacuated, and the boat pushed by the magnetically 



Fiq. 8. 


operated piston F into the weigh', - tube. Finally, the bottling 
apparatus was so rotated that the II could be pushed into 

place by means of F without breaidn^ ...c vacuum. By this means, 
the boat could be transferred from the reaction tube to the vacuum 
\\eighmg-bottle ; it was returned to the reaction tube B by a 
.s tmlar se. of operations, and heate.l in a stream of dry hydrogen 

to W <=°“'-ert the perLorlte 

fimliv ^ ^ 'veighecl in vacuo, and was 

T o ro hr'T; “<-I>telometric manner. 

CO, nr ? r? r‘wr of the ratio Ag : 40 agree 

completely with the atomic weight of silver as determined from the 


" cf. Hfinipsehmid. Zintl and TKilo 
Hon.gRcbinid and Bohloo. Anguc. Clum., 

V Chem., BodensU-in 
Richards and Parker, Proc. Amer. 


Z. unorg. CArm., 1927, 163, 65 ; 
1930, 49, 464 ; Honigschmid and 
i'cstband. 1931, 283. 

Acad., 1896, 32, 59. 
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ratio Ag : AgNOg. Their striking concordance is shown by the 
figures given below. 


Ba{,C^O^)» : DaCl, 

l?u(C/0«)» • 2Ag 

Ag : 40 

Atomic weight 0 / Ag 

1-61458 

1-55856 

1-68561 

107'879 

1-61460 

1-55849 

1-685G5 

107-882 

1-61459 

1-55858 

1-68558 

10/-8/7 

1-61459 

1-55850 

1 -68565 

107-882 

1-61459 

1-55850 

1-68566 

107-882 


It is, indeed, found that the reproducibUity attainable in the 
ratio based on the dry reaction actuaUy exceeds that achieved in the 
areentometric determination, which involves the sti spu c 
nephelometric endpoint.^^ For this reason, the use of dry reactions 
has been extended to other cases— for example, to the determination 
of the atomic weights of sulphur and selemum from the ratios 
2Ag : S, 2Ag : Se. In each case, the silver compound was s^- 
thesized directly from the elements, and the excess of the non-meta 
was distilled off in a high vacuum, atomic weight so foui 

for selenium (78-962 di 0*012) completely coi^med the value 
computed by Aston from mass spectrographic data 
which differed considerably from the previously accepted chemical 
value of 79-2, based chiefly on argentometric ratios . 

Atomic Weights from Gas Density Data.-lhe i at on 

of atomic weights by measurement of gas densities is a '^icthod^ bch 

is especially suitable for those lighter elements-e.^ ^ 

fluorL— for which suitable chemical ratios, capable of precise 

determination, are not readily found. ,i-r,onfl5nfr nn 

The classical method of bv 

direct weighing, was refined by Rayleigh an ^ densitv 

Leduc, GU% and Moles. More recently, f ‘ A"d 

microbalance has been developed, c.specia y y aeeunev 

his collaborators. This instrument, by means of 
in no way inferior to that of the 

certain <hstinct advantages over the method of ^ 

e.g. in the mini.ni.ation of adsorption errors "J^Yes 

wide range of pre.ssures, and its apphcahi i y , . * 

It is therefore worthy of brief comment m this <jjmpter. 

The balance, iUustrated n tire one side a 

essentially of a silica balance beam. A, carrying .jvhole 

buoyancy bulb, B, and on the other a counterweigh^ C, the who^ 

tu Jing "about a horizontal f ‘ o" g- -hich^r 

balances about the zero only at that prcbsuio u b 

» Briscoe et al., Proc. Roy. 8oc., 1931, A, 133 , 440. 

** Lord Rayleigh, ‘ Collected Papers . ^ 
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buoyancy effect on the bulb exactly compensates its nett gravita- 
tional pull. Since, for different gases at the same pressure, the 
buoyancy effect is directly proportional to the density of each gas, 
the determination of gas densities by means of the microbalance 
reduces to a strictly relative measurement. It requires only the 
manometric measurement of the balancing pressui*es for the gas 
under investigation, and for a standard gas — e.g. for pure oxygen, 
which may thus be used as the direct standard of reference. 

Errors due to adsorption, which are of unknown magnitude in 
the method of direct weighing, can practically be eliminated by so 
dc.sigiiing the counterweight that its resultant surface moment is 
equal to and thus counterbalances that of the buoyancy bulb. 




I'lc. y. 


by .suitai>ly l.Kidint; th- Iummi, relai- - u< ■, uv detcnninatiuiis may 
l>- !nad<- at. a numla-r different j :• such conij)arison of 

ff-n.Mlas .,ver a pressure range is of iuyx.rtanee, since it elimina 
the net.es>itv ior the 
1 


tuvesMty ior the nalei-endent detern.inations of the compressi- 
•iht \ <)1 ea. U gas u.<ed. '1 he l.alam ing pressures can, in favourable 



Kn(i\v itMbir ul iUv. comprr.^snnlitv (»f oirli cfw \f i / r 

, I , , 1 r ^ ^ At low pressures (ot 

t ti<' ol oiu‘ atino.^i>lu*re aii<l l)«*!nu ^ tli-* i v* 4- V • ii 
.,li . r ,, . , ^ tlHMlrvuition i>l practicalh^ 


P^'= Po^oil — Ap) {.-!== 


compressibility). 
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If, at zero pressure (== the volume of W grams of gas be c.c., 
then 


IF 


TF 
IF 


V 


= Dy the density of the 


Hence, pv = — ^p)y and if 

gas at a pressure p, we have that 

p = Rr^(i - Ap) 

The microbalance method measures the pressures pi and pn at 
which the two gases I and II have the same density. Hence, 

pi ^ -flfii (I — -^ipi) 


Pii 


Ml (1 — -diipii) 


or 


Mu (1 — 


= r. 


Ml '\l — Aipi) 

The balancing ratio r varies in a linear manner with pressure, jiiul 
may be extrapolated to its limiting value \v en pi — pn ■ 
From the extrapolated value, r.. the ratio of the ‘"f 
of the two gases, the required molecular weight 
obtained. Alternatively, if the compressibihty, ^ Jj.'; 

known, the compressibility, An, of the second gas y 
mined from the values of r at any two pressures, since 

r' (1 — Aiip'ii) ^ (1 — 

7' (1 - Aj,p"ii) (1 - 

Historically, the use of the gas-density balance J',*; 

determinations originated in the very 

Gray and Uamsay on the density of ™ , se mav 

early and undeveloped form of the lustruinent Its 

be illustrated by the redetermination of the f 

bon,‘« which has removed a serious anomaly ^ 

isotope data. It is perhaps worthy of ■ "Xd of 

density determinations employ normal oxjgen ^ 

referen'ce. they give atomic c = 'll ot' which 

atomic weight of carbon . 2Nal3r ' 2Ag. was in direct 

was based largely on the ratio NagCOa . h carbon 

disagreement with the band spectroscopic evidence that carbon 

Proc. Roy. 8oc., 1010. A, 84, G3G. Cawood and Patter- 

"wTyt.raW. Clusi. .VC., 

1960 , 4 , 163 . 
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contains about one per cent of the isotope. Earlier gas-density 
determinations by Rayleigh, I/educ and Moles, in combination with 
the available compressibility data, indicated that the chemical 
atomic weight must be too low. Measurements of the limiting 
densities of carbon monoxide, carbon dioxide and ethylene with the 
density balance have vindicated this conclusion, and have given 
highly concordant evidence for a value close to C = 12*0108. This 
figure is in close agreement with the values derived from mass 
spectrographic data, and from the energy balances of nuclear 
processes. 

Although the gas-density microbalance, in its most refined form, 
is an instrument of the precision and sensitivity indicated, it is, 
nevertheless, essentially a simple and convenient instrument. It 
may well become an accessory of great utility, with manifold 
applications in the technique of the manipulation of gases. 


CHAPTER 111 
VALENCY 

a preciBe the prediction of the energies 

=s, $,a«: STS . £ o, .K .™,,-. -- f 

theory of valency his contributed “%^“trirth.ou 

modular structure and chem.cal reactmty and espec.ally 

the development of quantum “*'“ 5 “* ‘““Ytrueture had been 

Even before the l‘°t“oliftheory of valency 

fuUy worked out, the in 1910, who independently 

were laid by Kossel and . ’ . .v Ppi-iodic System, 

perceived the significance of the iner g . (jej-t^in complete 

L pointing to the stability ^p^ was Leliss 

electronic configurations- Of fun - , • 1 bond: the electro- 

recognition of two distinct types o Flectrovalcncy involves 

vaJ^or ionic bond and the coeaUr^t f of 
the transfer of one or more outer with an 

a metallic element) to another a o { bound by the 

incomplete outer shell, the two " A eovalency 

electrostatic attraction of their resu ^ between atoms, 

arises from the f, b“n ‘interpretecl only since the develop- 

S^n^^ftu-rnt^ theory V "m TnTe-aitt 

ate thus joined are not identical the f mo.nent. 
shared equally, so that ^e Unk, both 

In the particular type of covalen y by one of the two 

the shared electrons of the bond are prov.dca oj 

atoms that are joined together. „ , ,n,,n 

• ,t ♦ o \V aurws, lom tn Solulion{UMi\- 

» The reader ie referred Aalurc of the Chemical Bond 

bridge Univereity Press), and L. roLuntr 

(ComoU Umversity Press), for farther ^reading. 
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Electrovalency. — In inorganic chemistry the electrovalent com- 
pouncls — the salts — are especially important. It is pertinent to 
enquire what determines the mode of binding of the elements in 
any compound and, further, what limits the variability of valency 
of the elements. 

The formation of an electrovalency arises from the special 
properties of closed electronic shells. Thus, the formation of a 
sodium ion from a neutral sodium atom leaves the positive ion with 
two Is, two 2s and six 2p electrons, a configuration which may be 
abbreviated as ls^‘2s^'2p^. Since all orbits of the second quantum 
level are fully occupied, the resultant orbital angular momentum 
and the resultant electronic spin angular momentum are both zero, 
and in consequence the interaction of the electrons with other atoms 
is a minimum. The inert gas atoms, in which a closed shell is 
combined with electrical neutrality, are therefore inert ; inert-gas- 
like ions, such as Na+, Cl“, Sr+'*', exert electrostatic forces in virtue 
of their nett charge. Although the interaction of closed configura- 
tions (other than by electrostatic ciTect.‘<) with other atoms or ions 
is small, it becomes considerable for very small interatomic dis- 
tanros, comparable with atomic dimensions. The perturbing effect 
of adjacent ions then modifies the distribution of electron density 
and distorts, or judarizes, the symmetry of the inert-gas-like ion. 

Since cations are, on the whole, smaller than negative ions, they 
1 ‘Xert a oorre.-^pondingly greater ]>olarizing effect. The significance 
of ionic jailarizatioii was early rt alized by Fajaus, who showed from 
measurem<-nts of i.mic refractivlties that th.- greatest effect was 
exerttM.1 by .small eatituis, of high valency, upon the largest anions. 
He pointcil out tliat the concept of pure cdc<Arostatic forces between 
splieiical ions is an iileal picture, ’ ' ''.Inch r(*al .salts deviate to 

an extent depending on the p. : . ions concerned. If the 

pfdanzatinn cITeets are .suiliciently great, we can conceive of distor- 
tion of the anions proceeding so far that the electron systems of 
the two ions b. tome fii><il into one ; the ionic state will give place 
tu a ci.)\*airnt Ijund \>v\ wocn t lu* iituius. 

I hr tiriid iif ionic sizes, and the proi;re*ssive changes of valency, 
make the p.darizing j.ower of eations ita-rease markeiUy from left 
to liglit across til- iVii.Hlie Tabl-. l-tii .lee. ease downwards 'vWthin 
any .m.* group. '1 h.‘ eaxsium i-m (V* tims lias the lowest polarizing 
pywer. wlul- That of tiu- small Re'-^ ^ and AR- cations is very great. 
Ihe p .lanzal.ility ol negative mns varies with their valency and 
a.'.r elb-. t ue Mze ; ,t is least for tlu* llnorine ion F-, and greatest 
loi the le- an<l 1 u.ns. Ihe mthience of the p<.Iarization effect 
upon the proi,ertK‘s of binary ionic ompoumls can thus be correlated 
^Mth the position of the elomeut-s in the Periodic System. 



VALENCY 


43 


Whilst it is true that an inert-gas-like ion represents a stable 
electronic configuration, and that those elements which have one 
or two electron! in excess of it or short of it tend to -sume th- 
configuration by ionization, the energy balance sheet °1' ed in 
forming an electrovalency merits exammation The production o 
a positive ion from a neutral atom involves the e--pend.tme oj “ 
coLderable amount of energy, since the electrons 
against the electrostatic attraction of the ‘°te 

The ionization energy, Im. kilocalori^ per 
production of inert-gas-like ions from the isolated atoms of a 

metallic elements is listed in Table 1. 


H+ 311 Li+ 123-8 
Be*+ 694-5 
1648 
Cu+ 177-4 
Cu»+ 642 


Table 1 

XT 4- iiQn 1^+ Q9‘7 Rb"*" 95*9 Cs"^ 89*4 

Mg*+ 520-8 Ca2+ 412-9 Sr«+ 383-7 348-9 

1223 Sc»+ 1019 907 831 

Zn*+ 313 Cd®^- 297 


Neutral atoms which are just short of a closed configur.Lon_l^^^c a 

corresponding electron affiniHj, Ex- per grain atom, 

is exothermic to the extent of about 92-o K . 

The electron affinities for formation of the , in Table 

neutral atoms of a few typical non-metals are collected in iablc 

Table 2 

H- 4- 32-2 F- +81-7 Cl- +92-5 Bf + 87-1 I" + 79-2 

Qt- _ 1G6 S* - 79 a 

This electron affinity arises principally the c<Muding.jfelecti.m 
spins between the added electron and i s p- , given 

ally only singly occupied ; the rnaxuniim liowever, bo 

by^he Lmbcr of unpaired electron spins. It . 

noticed that for the formation of O ^ * outweighs the 

repulsion involved in adding t^® formation of these 

energy gain due to coupling of spins, orocoss. 

inert-gas-like ions is actuaUy elcctrovilent bond between 

If we consider the formation of 

a pair of isolated atoms M, X, only a pi -ty of*"the noii-metal 

is, in general, supplied by the electron a U.uty of the _ 
atom X. The nett expenditure of energy A ^ fo„„ation of 

ong as tlie ions remamjeparated d process would 

the ion pairs Rb+h , Cs i , tx>,rother to form a 

be endothermie. IVhcn the ions are brought togctlier 

- xi - ^ fnlron from Evans. Warlmrst ana 

^ The electron affinity of figuros norniaUy assumed. 

Whittle. 1960, 1624, is lower than the figure 
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molecule in the vapour of a binary salt, there is a gain of electrostatic 
encrg}’’, U,., given by the inverse square law of attraction between 
them. For such compounds as the halides of the alkali metals the 
U,. is of the order of 100 kilocalories per gram molecule, when the 
ions have assumed their equilibrium distance, and so is more than 
sufficient to offset the expenditure of energy in the ionization process. 
In the vapour of NaCl and similar compounds, the molecxUes are 
thus essentially ion-pairs, but for the halides of metals with a higher 
ionization energy — e.g. for AgCl — the total energy change AH 
= Ij£ — Ex — Uf could be still endothermic, so that a molecule 
in which there is a covalent linkage between the atoms might be 
more stable. 

That a j)air of ions takes up an equilibrium distance apart implies 
that the electrostatic attraction between them is balanced by forces 
of repulsion which become important at short distances. Physic- 
ally, we can reganl the repulsion as arising when the electronic 
systems of the ions impinge upon each other. Since these repulsive 
forces vary as a high power of the distance (ranging from 1/r® for 
hflium-Iiku ions, such as Li to l/r^° for krypton-like and heavier 
ions), it is roughly true to regard the effective radius of an ion as 
a (Icfinito property, and the equilibrium distance between ions as 
given by the sum of their respective radii. 

Lattice Energy. -Iho eoiistitution of the isolated molecule in 
the vapour of a salt is tar less important than the properties of 
salts in the solid state c>r in solution. In both those states factors 
enter it.to tin- energy balance slieet tending to stabilize the ionic 
bond still turther- tiic lulh'rc vncrgg of the ( rvslah and the solvation 
riH-igi/ of ions in a polar solvent. 

As lias been seen, when a ])air of ions is brought together, there 
is a LMiu of el'-etro-'tatic energy ; in building up the regular array 
o ion,«> in a ci wfal such ns a cry.stal of sotlium chloride, wherein 
eviry ion is surnum.h-d by ions of opposite sign, the nett gain of 
el.'crroMatie .-nergy is very large. ( 'onver.se! v, a corresponding 
amount ot . rungy mu>t he supplied to dissociate the crystals into 
a gas ot five ions to oveivoiao their mutual cohesion. It’is possible 
o ^■■mipute tlie lafti-.‘ en.-rgv of crystals (of simple structure, at 
oas ) 'T} aMui.il<-l\ from the laws ot force between the ions, as 
wa- iii.i shown i.y L -MMh'Iung. It is greater than the energy of 
a singlo ion j.air by a factor nq,ioal of oacii sort of crvstal structure 
and known as lie MadeUmg constant, which makes* allowance for 

h n "f Tl "" ^^onnd each 
striK'tiire^ tV'\l 1*'^^ the sodium cliloride tyipe of 

Sr r rVi constant is 1-7-17G, for the zinc blende 

. tructurc W e therefore find that many compounds which, 
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as isolated molecules in the vapour state, 

he homopolar nevertheless form typical lomc crystals. This is tor 

positive metals, such as CaO. charQcd 

The ceneral principles of electrostatics show that it a cbargea 
ine general y of high dielectric constant, itb 

3“. rs rtr:": 

rraSi w :=» str.r«fc.?» 

for the cation and amon respectively. Ihese heaw 

depend only upon the charge an of the hydration 

not upon their nature or ^ “ calculated theoretically 

ryTrLraJrd"K.rF^^^^ found to agree ivith the 

•x"' “ fiiS 

, r ci“ trToX'TmmriiU. ..ishbo. Ao«l «( u. 

ro:xs.“a^ “‘>3“ 

though the orientation effect may ■ orientation of 

BheU immediately adjacent to the ion. U s i, 

solvent molecules that the solva .,,lp^'^o^oulld each cation will 
an aqueous solution, the water mo cc molecular dipole (that 

be eo^riented that the negative end towards 

is, the oxygen atom m the bent molecuig 

the cation. Each anion oorrespon « ^ suppose that the ions 

of the molecular dipoles. There . , complex ioms of definite 

combine with the solvent to form niolccules ensures that 

composition ; the random n-vemen of e ; " ,„,,eiit 

the i^on is surrounded by an ““f ! V,,,,ment are oriented, 

molecules, but those adjacent to covalent molecule 

By contrast, the solvation energy of - 
is likely to be but smaU since ti,eu from the 

molecules and solvent molecules gei liydration eucrgics 

interaction of dipoles in the two molecules by 

of some typical atomic ions am g‘''- multivalent ions, the 

It wm Vc noticed the energy balance 

m3 “m5i Tma.. .or., .033, 30. .OtO. 
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sheet : AH = + Im — Ex — and so can favour the 

assumption of the solvated ionic state by compounds which exist 
as covalent molecules in their vapour, or when dissolved in solvent 
of low dielectric constant. The substance will, in each case, exist 
in the form that corresponds to the lowest potential energy of the 
system. 


Table 3 

Heats of hydration, kilocals. per gram'ion 


Li+ 140 Be-H- 607 
Na+ 116 Mg++ 488 
K+ 94-3 Ca++ 407 
Rb+ 87-3 Sr++ 382 
C8+ 80-5 Ba-H- 345 


Al»+ 1150 F- 96-6 

a- 64-4 
Br- 57-5 
I- 48*3 


For this reason, the same substance in the vapour, as a crystalline 
solid and in solution may have its constitution determined by quite 
independent energetic factors. Wc may illustrate this by con- 
sideration of such a compound as aluminium chloride. A * mole- 
cule ’ of AICI3 in which the binding forces were electrovalencies 
would be a highly endothermic entity as compared with a covalent 
molecule. Aluminium chloride does, in fact, vaporize forming the 
dimeric molecules ALClg (which dis.sociate to simple molecules at 
higher temperatures), and the volatilitv of the compound indicates 
that these molecules have only small external fields of force. They 
are, therefore, probably non-polar in character, i.e. are covalent 
iiuilecules. They do not, however, pre-exist in the crystalline 
aluminium chloride frem which they sublime ; tliis has the sort 
of structure (co-(irdinatian structure) t}7)ical of ionic compounds 
{(/. Chap. I\ ), even thougli the forces between the aluminium and 
ehlorine atoms may not l)e purely electrostatic. We may infer that 
the lattice energy »>f the crystai is about adequate to compensate 
lor the endutUcrmicity of the creation of AP*- and Cl' ions. The 
crystal can be regar.ted as an infinite polvmer [AlCIgl^^, and its 
vapon/.ation is essentially a chemical process, and not merelv the 
translation of a molecule from a fix- d position in the crystal into 
t c* mobile gaseous state. Dissolution is likewise an cssentiaUy 
< uniKa process (^y, l*ig. 10). i'here is reason to suppose that the 
size 01 t le -• n.n is such a.s to allow of about six water molecules 
being oriented around and attracts to it. Although, as has been 
st.at,.j til,, ..pc-raiive m the hydration of the ion are probably 

on V ehetn. static, the .^olval ion energy of the AD' ion is very great. 

,1 U '■" Co.n water (c.5. from 

.oncenlrated hydroe hl.,r,c acul), there is obtained not the original 

IA1L‘3J„. but a hydrated crystalline compotuid [^U(Il20)e]Cl3 of 
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purely ionic structure, in wtich the grouping of water molecules 

around the aluminium persists. u . 

Applying the considerations of the preceding paragraphs to the 

observed facts, as represented by the properties of the metallic 
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chlorides, we find a remarkably sharp demarcation ^ 

truly ionic and the covalent chlorides, as is shown by 
of their fusibility, volatility, and equivalent conductivity n the 
molten state. The compounds fall unambiguously into one class 
the other, as indicated by the dividing line m lable 1. 


Table 4 


b.p. 

A 

HCl 

- 114° 

- 86° 
10-* 

LiCI 

006° 

1337° 

1 100 

NaCl 

800° 

1442° 

134 

KCl 

708° 

1415° 

104 

CaCb 

774° 

(1100°) 

52 

RI)C1 

717° 

1388° 

78 

SrCla 

870° 

(1250°) 

50 

CsCl 

045° 

1289° 

07 

BaCh 


m.p. 

b.p. 

A 

■ BeCIj 
404° 
(500°) 
0000 
BCI3 
- 107° 
120° 

0 

MpClj 

718° 

(1000°) 

29 

900° 

(1350°) 

05 


/L 

m,p. 

b.p. 

A 

AICI3 

183° 

16 X 10-« 

GaCls 

75-5° 

205° 

10-’ 

InCb 

580° 

(550°?) 

14-7 

'IK.'lj 
cu. 25° 
(100°) 
10-® 


Furthermore, with elements of variable valency,^ ‘''"or ofrat^ns 

siderations discussed above and the high po J ^ ^ 

of high valency combine to make compounds de.wed fiom the 

highit valence states essentiaUy covalent 

or .h. ” •>'1“ "SoTli;.. .1 

K-. 0.0,1 ->.« 
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valency maximum, although compounds of their lower valence 
states may he ionic. 


Table 5 



B.p. of 
ehloride 

Conductivity of 
chloride at ite b.p 

In* 

. , . ( ? 

130 

In**' . 

. . . 560° 

17 

Tl* 

. . . 806 

46-5 

Tpii , 

. . . 100 

0 

Sn** 

. . . 605 

21-9 

Sn*^ . 

... 113 

0 

Pb»« . 

. . . 954 

40-7 

PbiT . 

. . liq. tlcconip. 105° 

< 2 X 10-» 


Variability in valency amongst the metallic elements arises, in 
general, in two distinct ways, valid for the transition metals and for 
the metals of the B sub-groups of the Periodic System respectively. 
W hereas the valency of the metals of the A sub-groups is determined 
by the number of electrons external to a closed inert-gas-like core, in 
the centre of the long periods are successions of elements with an 
incomplete d level in the core. Thus iron, with the configuration 

in the ground state, is fairly readily ionized with 
the loss of the 4s electrons, to Fe ++, KL3s=*3/)®3d«. Ionization of a 
further electron from the incomplete d level requires a much smaller 
expenditure of energy than does the opening up of a complete elec- 
tron shell, and such a process, forming the trivalent ferric cation 
bo + KL 3s23pc can in fat t- take place. Similarly in the case 
of copper, Cu, KL ti.e single valence electron is readily 

ionized, formmg the cuprous ion. Promotion and ionization of a 
second electron, leaving the Cu^^ ion KVis^~'dp<^Zd\ involves, how- 
ever, only a few kilocalories more energy than does the ionization 
of the nickel atom Ni KLZs^-ZpKldH,^ to the Ni + + ion KL3s*3p«3d«, 
so that both cupric and cuprous compounds exist. The extension 
of the process to higher valencies is, in any case, limited by the 
energetic balance sheet, althougli, a.s has been stated, the highest 
valeucios arc exhibited only in covalent structures 

Amongst the elements of the B sub-groups, and especiaUy 

bilit’v^of X I "-eight, we again find varia^ 

d hkn to H somewhat different cause. In 

con nound ‘V tT- ekments form 

compounds-^ttou their most, stable compounds— in which they 
di.splay a valency two units less. us m wmen tney 
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Group : 
Valency : 


IIIB IVB ^ 5 3 

InOa InCl SnCl4 SnCJa JbA SbCI, 
TICK TlCl PbCl4 PbCl, NaBiO^ B 1 CI 3 
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VI B 

6 4 

TeO, TeCl* 


That these elements are more electropositive m their 

states accords with the preceding discussion, 

characterized by the presence of both p and s d^troM 

electron shcll- 4 .y. tin. with the confi^ration J”; 

of the p electrons are not coupled, and they are ‘te , ; 

ionizedl-c.s. to give Sn+- 5s^ To remove another e ectroi, 

necessitates uncoupling the completed 5s- ’ necessary 

ionization energy is increased, over and above e „ , no.sitivo 

to overcome the increased electrostatic attraction ^ iomzition 
ion. This effect shows itself, indeed, in the first stag • 

energies of the atoms ; in the sequence g-A ■ 

Ag-M-In the ionization energy of the Group “ 

every case, lower than that of the Group II element, vhicli li 

displayed also by the elements of the A sub gr i , stability 

gas like cations. Their maxinmm va eucy .s fix d 
of the inert-gas-like structure, but the possi ^ ^ 

pounds as AlCl, or MgCl ^ Nu^ncrous subhalides and 

state or in solution needs consideration. 

analogous compounds '“‘7, ' tL lilats’of formation 
every case been disproved by later work. bv Grimm 

of typical compounds of this kind have een „„,pymi(Ps is not 
(1928), who (bids that the formation f a dis- 
favoured on thermochemical groui^. , ,voul<l be exo- 

ionization energies of tbc Group 11 and III mital.s 

than that of the alkali metals. . jp^^rplay of 

In solution, similar considerations uhy 

ionization energies and hydration cnergic. . bliould not bo 

compounds incapable of existing m the so - ' j , mercury 
formed in solution ; studies of reactions at ^1“; ; bo 

cathode, whereby the transient forma ion j.t^.p,,viso di.sfhargo 
detected, have indeed revealed mstan ■ „vanii)k- with the rare 
of multivalent cations. Tins is the case, however lik<*ly on 

earths at a mercury cathode. Such “ from' the 

thermochemical grounds to ■ J ^hc^ cations of normal 

solvent, bberatmg hydrogen and for b valonce state 

valency. In such a case, the compounds ot tbc 
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will be unstable in aqueous solution and will be formed only under 
conditions of high hydrogen overvoltage such as obtains at a 
mercury cathode, or in reduction by base metal amalgams. 

A\Tiilst sub-compounds are likely to be unstable in solution, or 
as ionic crystals, they may nevertheless exist as isolated covalent 
molecules in the vapour state. Such species as AlCl, which have 
been identified spectroscopically, can be formed freely by the action 
of the more stable halide upon the metal, but undergo dispro- 
portionation when they are condensed. Reactions of the type 
AlCljC^) -f 2Al(s) ^ 3A1C1(^) may then be reversible. It is clear 
that the limitations that govern the accessible valence states of the 
metals in ionic compounds cannot necessarily be applied to com- 
pounds in which the bonding is covalent. 

Covalency. — The precise treatment of the cov^alent bond is a 
much more difficult problem than is the treatment of electrovalency. 
/There have been three main approaches to the subject, each laying 
stress on some one aspect of the covalent bond. The Heitler- 
London method treats the problem essentially by considering the 
mutual neutralization of electronic spin by two atoms ; Pauling and 
Slater, from a consideration of the wave fimctions of the electrons 
in the isolated atoms, have shown how the quantum theory leads 
to the conception of directed valency ; Hund and Mulliken relate the 
energy of these electrons to parameters of the molecule as a whole 
in the method of molecular orbitals. The rigorous quantitative 
application of any of these methods is restricted, by mathematical 
difficulties, to the simplest cases. Even a qualitative consideration 
of their essential features serves, however, to give a deeper insight 
into tlie mechanism of chemical binding than is obtainable from 
the very approximate and excessively qualitative, but yet suggestive, 
Le^^^s-Laugmuir treatment. 

Ileitler and London first successfully calculated the potential 
energ)’^ of a system of two hydrogen atoms as these were brought 
closer together. *1 he essential result of this calculation may be 
summarized as follows. The electrostatic, or Coulomb, forces 
between two nuclei and two electrons give rise to a nett weak 
attiacti\e force only. There is, however, a second tN^pe of inter- 
action which arises from the ]>ropei’ties peculiar to the wave 
mechanical electron : namely, that an electron is not confined to 
a localized orbit, but has a certain probability of being found else- 
where in .space {see p. 15). If we have two hydrogen nuclei A and 
ih electron I being associated with nucleus A. electron 2 being 
associated with nucleus B, such a state is indistinguishable from 
that winch results from interchanging the electrons so that elec- 
tron 2 IS associated with nucleus A, electron 1 with nucleus B. 
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This amounts to saying that each 

of being found on either atom, and wave 

associated with both electrons The ^ith 

function of each electron does, '“Lp?whL the 

or frequency of exchange of ‘^l-trcte teTeJher'^ t^^^ of 

smaU. If the atoms are b^oe^ olose together, 

Pauli’s exclusion prmciple ^ ^ ^ff the spins are 

on the spin quantum >^"“'^ors of the^ekctrons.^ 

parallel, both electron o^”, “ J '1 2 s-quantum state. The 

one electron is excited to a hig '?:„ 7 ,„v fcijan that of the isolated 

potential energy of the system is than ttot^ 

atoms, and their approach resultant spin is zero, both 

electron spins are opposed, so < lowest energy about 

electrons can be accommodated - tben teer thL that 

either nucleus. The enerp > operative and a stable 

of the isolated atoms : attract! , eitert/t/ arising in this way 

molecule results. “'“J^fXthe observed energy of formation 

accounts for about 80 per c parallel electron spin.,, 

of the hydrogen molecule. F f„.„.tions of the electrons have 

the model impUcs that the amplitude is therefore less 

opposite phase between the nude , ‘ electron 

between the atoms than being accumulated rather 

density falls to zero between ^nins the wave functions rein- 

on the remote side. ith oppos pP bas a maximum at the 
force one another, and the force as arising 

mid-point. We can, indeed, reg nuclei for this accuuuilatcil 

from the electrostatic jg u.odel thus reveals the signifi- 

electron cloud between them. “'^^."^ig.Lengmuir theory ; it 

cance of the electron atoms'with unpaired elcc- 

leads to the conclusion that on y - (-be valency of an 

trons can form covalent ““Hed spins, 

atom directly to the number o c„,cntial results of the Heitler- 
Pauling and Slater, accepting , ^ ‘ . ction w ith a coii.siderat.ion 
London theory, have shown that >" to devise 

of the spatial distribution of ,tent w.th the ideas 

a formal theory of directed va en . jj „ jf and Le Bel. 1 l*e 

current in chemistry since the . ^wo linked atoms means 

existence of a high electron densi y ,-etiion of space : the elec- 

that their wave functions overlap 1 I uu either atom. 

trons have a high probabih y . - the greater the 

Pauling considers as a genera ^1^^^ 1 bond formed. It is 

overlap of wave functions, th & 
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in this respect that the properties of p wave functions take on a 
special importance, for, as has been seen in Chapter I, the maximiim 
electron density lies along the axis of the wave function, and since 
the electron can be thought of as spending most of its time near this 
axial direction, the electron density is greater along this axis than 
at any point in a spherically symmetrical s wave function of similar 
total energy. Stronger bon<k are formed with p electrons than 
with s electrons, accordingly, and the requisite maximum overlap 
of wave functions is attained when the bound atoms lie along the 
axes of the wave functions. 

The distribution of electrons in an incompletely filled p ox d 
subgroup is governed by an empirical rule Imown as the rule of 
maximum multiplicity, which states that the energy of interaction 
between the electrons in any one atom is a minimum when their 
resultant spin is greatest. This means that as electrons are added 


(2pv) 




lie. 11. DiagraDimutic representation of intometion between hydrogea and the 

p electrons of oxygen in HjO. 

successively, as many orbits as possible are singly occupied before 
any pairing of electronic spins is permitted. In the oxygen atom, 
therefore, with four 2p e}ectron.s, all three p orbits are tenanted : 
one orbit— c.^r. the p^ orbit— -is full, with two electrons, the Py and 
p. orbits being singly occupied. The atom is, therefore, divalent, 
ha\ing two unneutralized spins which may be coupled with the 
electrons of two hydi-ogen atoms. The requisite condition of 
maximum overlap of wave functions is attained when hydrogen 
atoms are brought up along the y and z axes, respectively (Fig. 11 ). 

ence, o a mst approximation, in the moleciile of water, the two 
U—H valencies should be directed at right angles. In the same 
^^ay, the molecule of ammonia should be pyramidal with hydrogen 
atoms located along the x, y, and z directions. The 90 ° valence 

t pnnnf "7"^ ^PProximate picture docs not take 

^hc hydrogen atoms and other 

Lies such valence angles in simple mole- 

uies such as H.p, NH3 are greater than 90 degrees. 
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Hybrid Orbitals.— The quadrivalency of carbon presents an 
interesting problem in the Pauling-Slater treatment ^ In 
state, the carbon atom has the configuration v"'™ 

spins unpaired in accordance with the maximum inultiphcity rule 
aL it mi^ht be expected to be divalent. To exer fo- valenc es 
is necessary to excite one of the 2s electrons to the thud 2p state 
giving the configuration ls^2s2p^ with four unpaired spins. It 

would appear at first sight that from tliis ‘“o as 

be formed three strong bonds, directed roughly ortbogonall>, 

amm^a and -e welker bond, located in 

sterically convenient. In fact, the equivalence of h to 

of carbL is most firmly established P-^'-g^Xtanci h 
valency theory in 1931 the conception that, in 

strongest bonds may be .-‘X“orthese Cum as rid 

tions, but from certain combinations ot ■'jise 

orbilah. A mechanical vibrating system, such “ f and 

will possess a number of independent normal vibrational 

may" moreover, vibrate simultaneously in X-erposi: 

The resulting composite vibrations may e .. .j 

tions of two or more of the independent modes ^ 

energy. In similar manner, since the wave functions Xubiech 

tiall^the distribution of electron density it is pen ^ 1 

to certain restrictions which cannot be discussed at 

introduce a new set of wave functions which 3 of tlie 

electron density distribution. From le com combined that 

quadrivalent carbon atom, the s and p s ^ ^ obtained directed 

four new mutually equivalent wave innctmm -- powe of 

towards the apices of a regular tetrah , orbitals, is 

these wave functions, which may ,.^Xr of any other liybiid 
stronger than that of a pure p \vave unc : . equivaleiico 

function that can be obtained from s-p J X are thus 

of the carbon valencies, and ‘'‘-ftrstrong^ P^^^^ bonds 
related directly to the condition that the str g 1 

should be formed. , . 1 i- \ r^liv an important 

This sort of ‘ hybridization other elements 

role in the formation of covalcnci ■ ^ jjtoin forms 

than carbon. Among.st the lighter e _ . configuration 

three equivalent bonds ; as the groui ffpst be promoted, 

tUlency implies that one , 

givmg the configuration - ,.nnlanar [«/>"] orbitab, oriented 

system would be formed from l^Xcordance with the known stereo- 

at 120 degrees to In a similar manner, the elements 

chemistry of boron (c/. big. cora- 

of Group II -have an s® ground state, but m tneir 
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pounds such as Zn(CH 3)2 or HgBrg the bonding orbitals are [s^] 
hybrids and the resulting bonds are collinear : the bound atoms lie 
all in the same straight line, in contrast with the valency angle of 
90-105 degrees associated with bonding by the orbitals of the 
Group VI elements. The valence properties of the heavier elements 
are determined by just the same considerations as those of the 
elements of the fiist short series of the Periodic Table, as long as 
only s and p orbits come into play. In the transition series, how- 
ever, the partly unhllcd d orbits are similar in energy to the s and 
p orbits of the outermost quantum shell. Hybrid orbitals formed 
by the combination of d and s, or d, 5, and p orbitals have particu- 



Flo. 12. 

larly strong bonding power, and as will be seen in Chapter VI, the 
formation of covalent bonds by such hybrid orbitals dominates the 
cliernistry of tlie elenieuts at the end of tlie trausition scries. It 
may be noted here tl\at by hybridizing two (?, one s and throe p wave 
lunctions, six strong bontb disjiosed towards the vertices of an 
oetohedron arc obtainable, and from one d, one and two p wave 
lunctions four equal and eoplanar strong bonds. These two t\TDes 
ol liybnd orbitals give rise to two stereochemical classes which 
determine the properties and the .stereochemistrv of many metallic 
compounds and which are second in imjiortancc only to the tetra- 
heikal bond class found in carbon. 

Every approach to the theory of valeuov is essentially approxi- 
mate those considered hitherto neglect the fact that the normal 
quantization ot the electrons must be broken dowai when two atoms 
approach to the closeness impUed by chemical bonding. As a result, 
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X of orbital to '^^ 

centres are significant. atom, electrons for 

which A Jo Tl or ±2 are teimed o, rr or d electrons. 

In the “ty feX» electrons successively into the 

molecule is built up orbitals of lowest energy, 

molecular framework, begmmno i-„„:n<T to tlie molecule as a 
Each electron is then treated as found 

whole, and its nature as a a, / , , > molecular orbitals so 

unambiguously ; the relative order of In 

filled IS non-committally deiio e y P increasing energy 

MulUken’s convention, orbitals in the ora 

are represented by ^ ^ Into the molecular orbitals, 

As electrons arc fed analogous to the mann^ 

series of closed groups are built p Y ^ nclear structure 

in which closed shells arise m atom), having 

of an isolated atom. An s ele ( orbital 

zero orbital angular momentum ^ fed into a 

angular momentum along the in * j ctron accordingly 

molecular orbital. A is then zero. ^ ^ may have 

becomes a a electron. A ;? elec ron, ’ f i along the line 

A = + 1, 0 or - 1. dependmg o a .-r electron in the 

of centres; it may therefore beco permissible 

molecular orbital. For each va a L i in accordance with 

values for the spin quantum num j inserted in each 

the Pauli principle. Two electro.rs may thu, be _ 
a orbital, and four electrons m each .t orbital, 
the process in the following ta e 

Table 7 


1 

Compute electron 
%heU9 in isolated \ 

1 

t ' 

PoMtWe vitlufji 
of A 

Compute dfctron ' 
groups in moUcuU \ 

, ^ 

atom 

i 

. 

1 

1 

«* 

0 

1 

1 

2 

1 

0 

0. ± 1 

0. ± L i2 

0“ 

tr*. 

O', n*, 

1 


If A electrons thus constitui/Cs 

Each group of two <7, four .'t, am , ,, electron to be 

closed'sheS; as tit Ser orb^al. 

added must be placed in the n b 
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The placing of the orbitals in their correct energetic order for any 
pair of atoms follows from the application of certain rules worked 
out by Hund and IMulliken. For a full consideration of the^e rules 
the reader is referred to more detailed works upon the subject ; ® 
the ingenious principle upon which the succession of orbitals is based 
is readily made clear, however, by means of a simple example, and 
is illustrated diagrammatically in Fig. 13. Mulliken supposes two 



isolated atoms to be brought up to one another until, when the 
intornuclcur distance is zero, the nuclei coalesce, fonnin<^ a new 
compoimd atom. The electronic configuration of the \olated 
atom.s IS known, as also is the configuration of the compound atom, 
since this is simply an atom with atomic number equal to the sum 
of the muleor charges of the two separate atoms. What happens 
to the electrons m passing from the isolated atoms to the compound 

VV o/ Me 2-Acory „/ Valcnc,/, Cambridge, 1935. 

^ 3 ^ -n vied, and Sherman, 
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atom may be deduced from considerations of sj^mmetry alo“- Let 

Haf o^t^e" ctr ^tTaletre oftltnuci^ 

tr^Ttt:SSro:\as^an^ 

second electron was paraLJ to tn ;.i,_,,4. infrin'div^ tlie Pauli 
the 1. level of the compound witW 

principle. Considerations of sy y receives the 

enter the 2p state of the compoun i ’:,rhlv excited state of a 

configuration ls2j). This of a large amount of 

helium atom, and would require • repulsive interaction 

energy. Hence it must correspond ' of the olec- 

between the hydrogen ^^^':'^X\ch^as\o be promoted to a level 
trons. In general, any electron nassing from the isolated 

of higher principal a^tibouding in action. Complete 

atoms to the compound ‘J* practically unaffected by the 

closed shells {i.e. K and h shells) are „on-l.on<ling. 

Mu^en^hat p^'ubShed teUes °f 

corresponds with actual chemica c j be shown by 

The^^ qualitative apphcat.on of the, be for.ned by 

considermg a few e“mplo»^ configuration ls=2.s=ip". Oii 

the imion of two atoms ha g ^ orbitals occupied 

comparison with Hulliken s wrre a > remains un- 
in are [KK(z<r)^(^o)=(x<r)= «^) (^n. ,tate. which 

affected ; there arc four electron. , J . there remain 10 2p 

are accommodated in the 2^ into the J>r, w’-t and t’-T 

electrons which are inserted and (ya)^ electrons 

orbitals (Fig. 13). It may be see ‘ . ,jf the remainder, the 

are bonding and antiboiidmg, respe • bonding. 

XO and urn electrons are no ^f^rc antibonding. Tlicre 

whereas the tCT are promoted an .. electrons in all, t.e- a 

are thus eight bonding and six ....nstitutim' a single bond, but 
nett bonding effect of two elec the K^sliells is considered, 

the interaction of all the electrons ■ formulated as 

In the same way, the 

N[ls*28*2p=>] + 
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as before, {zo)\ {xo)^ and {vm)* are all bonding ; is antibonding. 

Hence there is a resultant effect of six bonding electrons, correspond- 
ing to a triple bond. 

The power of the method is sho\vn by its application to the oxygen 
molecule. Oxygen, diatomic sulphur (S 2 ) and sulphur monoxide 
are all paramagnetic. This is to be associated, as will be dis- 
cussed in a later chapter, with the presence of unpaired electronic 
spins. The magnetic moment of oxygen corresponds to the exist- 
ence of two unpaired electrons in the molecule. Such a conclusion 
is at variance with the other approaches to the subject of valency, 
since the formation of a double bond might be expected. It follows 
directly from the molecular orbital method, howev'er, since the 
formation of the oxygen molecule may be represented 

0[ls-2s-2p^] -j- 0[ls^2s-2p^] — ► 02[KK(za)®{j/a)^(xa)"(«’3r)^(t)7t)^l 


It has been seen that four n: electrons — as, for example, the {wti)* 
group — constitute a closed group ; hence the vn: orbital, occupied 
by only two electrons, is only half-filled. The electrons can there- 
fore set themselves with their spins either coupled to zero or parallel. 
In accordance with the maximum multiplicity principle, the state 
of lowest potential energy will be that in which the electronic 
spins are parallel, so that the ground state of the molecule is 
paramagnetic. 


A correlation dingraiu analogous to Fig. 13 may be drawn up 
for the interaction of unlike atoms also, and Ijv its use the electronic 
configuration of diatomic molecules may be worked out. It is 
found that isostcric molecules have identical electronic configura- 
tions. Thus, the orbitals occupied in carbon monoxide are those 
which are also involved in the nitrogen molecule : 


C’[U’-26-2p-J 0[l:i-26-2p *] — > CO[KK(ra)-(yo')-(ra)-(uTr)'‘] 

1 he important rt;sult emerges that carbon inono.xide has, as many 
linos of evidence deiuantl, a triple-bontlcd structure. The triple 
l)on<l has no ‘ semipolar ’ character, however, so that the absence 
<»f a dipole nunuent, which would be expected to be high from 
th(! formulation C"* O, is at once comprehensible. 

For diatomic, molecules, the energies of the molecular orbitals 

sp<'ctrosco]uc data, and the mole- 
cula! (H'bital model may bo precisely defined. Aiiv rigorous exten- 
sion t)( the. method to j)olyatoiiuc molecules is, however, practically 
impossible, and it is tlierefure neeossain- to make the approximation 
that the moleeular orl>itals of the i)olyatoinic molecule can be 
built ujj from those of each pair of bonded atoms, considered by 
Itself, a metliod termed by Mullikon the linear combination of 
atomic orbitals. This amounts to the assumption that the overlap 
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of wave fuBctions in any one bond does not modify the electron 
density distribution between other bonded pairs of atoms. Such 
approbation is only partiaUy true, and many of the finer aspcc 
of chemical reactivity, espeoiaUy as illustrated m the behaviour of 
organic compounds, turn on just such second-order eftetts. 

Mesomerlsm or Resonance.-No smgle approach 
tum theory of valency gives a completely accurate 
of the facts. Thus, the Heitler-London and Paulmg-Slate methods 
expbcitly ignore ‘ ionic ’ terms, i.e. the probability of findin„ both 
eSroris ofa covalency simultaneously upon one or ; 

Calculations based on tbe method of molecular 
ing to give the time average of electron density on « 
overweight iust these ionic terms. Since, howev-cr, the tompIc.Mt) 
of the problem prohibits the strict calculation of 

save fo? the simplest types of "f the 

theories lies chiefly in the formal reprcsen a lo • * , utili/o 
bondinc nrocess and the chemist is therefore entitled to iituiso 

wSer is most adapted for his purposes The very »l>Ptoxu.ia 
Lewis-Langmuir-SidgNvick approach to the electronic theo.N i.s 

i. .»-y r* ,‘S 

formula is an adequate representation o doubTe 'ind trivU- 

molecule. The division into iomc bonds single, 

covalent bonds represents rather the te un^ion 

than a universally v^lid .if both ihc 

linked pair of atoms A -»>• th it- of finding tliem 

valency electrons on A may be greater • • . . moment, 

on B. The molecule AB will then have a resultant dipole 

the resulting clectroii density ^.ihuU^ 
garded as produced by ‘ bond is thu.s intei- 

A- B+ in suitable proportioms „,valcii< v. an.l 

mediate between an ionic valency an 1^^ covulcncy 

possesses a finite dipole moment. In ‘ .I’lfoiiblc bond, 

may be intermediate in order of the 

This conception is particularly imp dilYerent way.s, 

molecule, as written conventionally m enerL'V "liile pm- 

leads to Nearly the same value for the Jy i. 

servmg the same spatial tiio weighted mean of 

the resultant distribution of electron ■ } follows from tlie 

those corresponding to -riou.s forimd. - 

preceding paragraph), but it eonsiderahly 

the potential energy of the system is, states 'I’liis idea is 

lower than that for any of the «<>'"P™7 ‘ ^f eovalencv, 

akeady inherent in the Heitler-London treatment oi 
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which hinges upon the indistinguishability of configurations in 
which electrons are interchanged. The exchange energy which 
provides the major contribution to covalent binding is essentially 
a resonance energy. This phenomenon is termed resonance or 
mesomerism, and the resulting state of the molecule is frequently 
termed a resonance hybrid of the component states. The latter term 
is misleading. There is no oscillation or tautomerism between the 
various formulae ; the electron density is rather evened out so as 
to correspond with an intermediate state. In addition to lowering 
the potential energy (t.c. increasing the stability) of a molecule, 
mesomerism results in the shortening of interatomic distances in 
the bonds concerned. Much of the evidence for mesomerism is, in 
fact, based upon the measurement of bond lengths by the methods 
referred to in Chapter V. 

The most obvious case of resonance is that of aromatic nuclei. 
For benzene there may be written the two Kekule structures, exactly 
equivalent energetically, and three equivalent Dewar structures at 
a slightly higher energetic level : 

Ihe actual state is therefore a hybrid, intermediate between all 
these possible forms, so that the ring is actually formed, not of 
alternating single and double bonds, but of six equivalent bonds 
of the order 1*5. Alternatively, wc can consider the regular hexagon 
frame work to be bound by bonds between [a*P“] tvpe hybrid wave 
functions, leaving one p electron on each carbon atom not yet 
utilized. These p electrons combine to form one half-filled mole- 
cular orbital, a standing electron wave extending over the whole 
aromatic ring. It will be apparent later (Chap. XV) that such an 
e.xtcnded molecular orbital, in aromatic compounds or other con- 
jugated system.^ bears distinct analogies to the electrons of a metal, 
moving freely over long paths in a periodic atomic field. 

Ihe application of the conception of resonance to many problems 

of oiganic chemistry is obviou.«. It is of more immediate interest 

that the phenomenon i.s met with also in some simple inorganic 

molecules.^ Ihiis the formula of carbon dioxide could be written 
111 the three wavs 

O ---^c 0— ^C — > o o c^o 

^533: 1937. 694 

ol, o8* 



t 


Ann. Rep. Chem. Soc., 
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For each of these the heat of formation (from atomic cajbon and 
atomic oxygen) should be about 350 kilocals., and the 0-0 distance 
2”d bTise A in each case. The observed hea^f formaUon 
and oxveen-oxygen distance are 380 kilocals. and - - r I 

tively, indicating that the resultant state is ° 

possible formate Since, moreover, the second “''d ^ 

are equivalent, they must be represented to eqnnaknt eMcnt. 

ions, written formally as 


^0 

O— N<f 

^0- 


and 


0 - c< 
^0- 


become equivalent by a resonance process any 

single, double or coordinate links_ vamslnng._ Tte e^^.la^aj 
triangular configuration of the CO 3 » 3 

by X-ray crystallography, is ^ dipole nioinents. 

Where the limiting forms have large^ but oppo_^^^^ 

the effect of resonance must be to 1 nviv be written 

moment of the whole molecule. Thus mtne oxulc ma> be 

either as 


N 

^+ 


o: 


or 




(A) 


:N : O. 

(B) 


In the resulting resonance inmncnt ul' 

to slightly different extents, ‘ ^ Either structure 

0-16 X 10-« C.S.U.— very 

separately. It should be noted that I tautomeric 

resonance and tautomerism is well 1 I j j j 

mixture of the two structures (A) and ^ ^ f -'I-- 

-equal, in fact, to the weighted moan .[... riptiou 

ate structures. It is also iuuouiits to the suinc 

of the actual state as a hybrid of (A) aiu ( „i„K.cular orbitals 

thing as the formulation of NO by 

-NO[KK(c<r)nycr)»(xu)^{«^)*(v.v)]. ' 'f „,„lccul.-. 

assigned to either atom, but to an or ■Ul ^ 

A similar resonance state is present y 
is a hybrid between the forni-s 

R — “'“1 R— N-<— 

with a resultant dipole moment ^lie non-iuotullio 

There is some evidence also of resonance m the 
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halides. Thus, whereas the C — Cl distance observed in CCI 4 agrew 
with that calculated from independent measurements of the atomic 
radii, a very appreciable contraction is found in the tetrachlorides 
of silicon, tin and germanium.® The difference is attributed to the 
completion of the second quantum level in the carbon compound, 
so that no more than four bonds can be formed. Hence, carbon- 
chlorine linWs of the type C— Cl in carbon tetrachloride are excluded. 
In the tetrachlorides of the higher elements of Group IV, the forma- 
tion of more than four bonds is possible, so that the resonance form 
CI 3 X— Cl can make an appreciable contribution to the configuration 
of the whole. 

* Brockway, <7. Amtr^ Chem. Soc., 1935, 57, 958. Sutton, Hampson ei oi., 
Trans. Faraday Soc., 1937, 33, 852 : sec also Wells, 1949, 65. 



CHAPTER IV 

THE CONSTITUTION OF SOLID INORGANIC 

COMPOUNDS 

In the development of chemical theory. 
has been most fully studied, and which as yie t ^ sub.stauces 

tion, is the molecular-disperse state, as o important, 

and in solutions. The solid state of matter 

however, in the domain salt is not 

compounds exist only m the solid st , y g^jiy^ted ions 
identical in nature, stability and propei The manner 

that it furnishes when it is dissolved m ^ 

in which the graduated chemica com- 

themselves in the physical and cheim ^ all receive 

pounds, and the mechanism of reaction pro amassed 

considerable illumination from the !!?''' The principles of this licld 

in recent years about the solid ■ throughout the doscrip- 
of chemical study find their exempli crystal stiuc- 

tive chemistry of the elements, and re c ■ ^cdly be made 

ture of the elements and their compoun.L nv dl rcpcatcui) 

in the subsequent chapters of this )oo | properties of 

The cliaracteristic external symmetry J „,t,rnal 

crystals are strongly ““gested that crystals could 

structure, and as early as l/ol rcmlar stnic- 

be conceived as built up by stacking whole. Hauy's early 

tural units, each with the ® liravais (1818), 

speculations gave x^ac'-N through iwuMiflies (all betweiMi 

Sohneko (1879), F^rov. 

1890-94), to the rigorous geometrical of points, making 

of space lattices— i.e. three-dimension. I a Kriedrioli 

up a regular repeating pattern. i>y J- X-rays by crystals, 

and Knipping demonstrated the difiraction ot A r.iy y 



03 
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the purely geometrical theory of crystallography had probably 
progressed as far as was possible. 

In real crystals, the points of the lattice theory represent the 
mean positions of atoms — mean positions, because the atoms 
execute thermal vibrations about them at all temperatures above 
the absolute zero. All points of any one space lattice must be 
occupied by like atoms, so that in a compound we may consider 
the atoms to lie on two or more interpenetrating space lattices. 
For example, in sodium chloride the sodium atoms and chlorine 
atoms each lie on the points of a face-centred cubic space lattice, 
the two space lattices being displaced by a distance along each 
of the three axial directions. 

In a crystal lattice built up in this way we may recognize a unit 
cell, or unit of pattern, containing as many atoms of each kind as 
are required to conform to certain symmetry requirements (deter- 
mined by the ‘ space group * of the crystal). It is the task of 
X-ray crystallography to determine the dimensions of this unit and 
the position of ev’ery atom within it. The empirical formula of a 
compound is generally contained once, or some integral number of 
times, within the unit cell. This is, however, not quite invariably 
the case, for in high molecular compounds {e.g. cellulose, fibrous 
proteins, stretched rubber and [PNCl 2 ]„) the molecule itself is built 
up by the manifold repetition of a certain unit of pattern which, 
by the association of a group of adjacent, oriented chains, con- 
stitutes also the unit of the crystal lattice. 


The Determination of Crystal Structure. — The possibility of 
transcending the limitations . f formal crystallography arose in 
1912, when Friedrich and Knipj.;ng, in course of testing von Laue’s 
hypothesis that the wave-length of X-ravs should be comparable 
with the inter-atomic distances in a crystal, observed that a pencil 
of X-rays formed a diffraction ]>attern on a photographic plate 
when it was passed through a crystal of zinc blende. 

In such an experiment, the atoms in a crystal act as scattering 
centres for the incident X-ray beam, and since they can be roughly 
assigned to definite positions in a tluee-dimensional network, they 
constitute, in effect, a three-dimensional diffraction grating. The 
regular array of atones iji the space lattice implies that one can 
distinguish certain sets ol parallel and equallv spaced planes in the 
crystal, couUxining a high density of atoms. When a beam of 
X-iays pinsses through the crystal, the X-rays diffracted by atoms 
in successive planes of such a set will mutually extinguish each other 
unless the contributions of adjacuuit planes are in phase. If the 
distance between successive pianos is d, and the grazing angle of 
incidence is 0, the path difference between X-rays scattered from 
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neighbouring planes is U sin 0. The condition that X-rays of 
wave-length A shaU be reflected by any fanuly of planes is then 

given by the Bragg relationship 

n?.=2d sinO 

The distance d is directly related to the dimensions of the unit 

cell and the MiUer indices of the reflecting 

The Bragg law is fundamental to the study of crjstal stiuctiirc 

The data feded in order that a crystal structure may be i orked 
out involves in principle, measurements of two quantities, (o) tlie 
afgw Sa“tL a/d (6) the intensity of e-h directed beam 
fdi If we employ X-rays of known wave-length A ue obtain irom 

thi angle of diffrJetion 0 the inter-planar 
to each -reflection’. The most important 

spacings will be the parameters, defining e un ineasured 

tme. When these fundamental dimensions have been V ’ 

it is possible to deduce the identity {i.e. the Miller indices) y 

fanuly of planes that gives rise to a reflection. . ^ 

arrangement of atoms within the unit c • ' . i 

ment of atoms within the cell, it is possible to calculate tj^eorcticalb 

the diffracting power of every family of pUnes ( . . 

intensity of diffracted beam to intensity of tiial-aiid-orror 

essence^of crystal structure determinations for 

search for that arrangement of atoms whic planes, 

the observed intensity of reflection fron ' experimental 

Experimental Methods -Several alu vLJd to in the 
methods are available for obtaining t technique of 

previous paragraph For a P-P- " 

crystal analysis, reference must be m h important methods 

but we may sum up the prmc.ples of the most imp ^ 

as follows, classifying thena according . ^ crystal speci- 

monochromatic X-rays; (b) stationary snecimons. 

mens ; and (c) single crystal or V-radiation— f.e. X-ra) s 

(i) Laue method. This emp oys v, bombarding a 

having a range of wave-lengths, usua ^ 50-00 kilo- 

tungsten target with cathode rays K-rLiation of tungsten. 

volts) insufficient for the excitation of t ^ . v' i t iioll 104P- 

W. H. and W. L. Braj^. The '1940; N.' F. im’ 

Photographs, MacMillan and Co., 1961. 
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If a pencil of such X-radiation is passed through a stationary 
crystal, a difEraction pattern, related to the symmetry of the crystal 
about the axis of transmission of the X-ray beam, may be record^ 
on a photographic plate. Each spot corresponds with the satis- 
faction of the Bragg relation by some particular family of planes, 
the spacing d, the inclination 0 to the X-ray beam and the wave- 
length }. all being variables. Intensity relationships in Laue photo- 
graphs are difficult to assess ; the method is therefore used chiefly 
for the assignment of space groups, rather than for complete 
structure analysis. 

(ii) Bragg method. W. L. and W. H. Bragg were quick to per- 
ceive that experimental simplicity could be achieved by using 
monochromatic X-radiation, so that d and d were the only variables 
in the Bragg equation. Such monochromatic radiation could be 
obtained by utilizing the characteristic X-ray spectrum of the 
material of the anticathode of an X-ray tube. The original Bragg 
method, using an ionization spectrometer, as described in many 
books, is but rarely used. It is, however, capable of affording the 
most precise data for intensities of reflection, and has been used 
in a few laboratories for the most refined work. 

M'ith modern improvements in the technique of measuring ionizing 
radiations, there has been a revival of interest in experimental 
methods related, in principle, to Bragg’s original technique, but 
using Goiger-Muller counters and electronic measuring apparatus. 

(iii) Rotating crystal method. The Bragg method has given 
place, as the standard procedure, to the lotating crystal method 
of Rinuc, Scliiebold and Polanyi (1920), In this, a pencil of mono- 
chromatic X-rays (radiation from a copper or iron anticathode ; 
niolybdcnum, cobalt and chromium K-radiatious are also employed) 
illuminates a small single crystal, which is slowly rotated about a 
prcdctcrmineil axis. Successive planes arc then brought into reflect- 
ing positions, and the reflected beams arc recorded pliotographically 

- usually on a cylindrical film, .surrounding the crystal, so that 
reflections can be recorded for which 0 approaclies 90 degrees. 
It the axis about which the crystal is rotated corresponds with 
one of the principal crystallographic directions, all the reflections 
fall on ‘ layer lines The family of planes responsible for each 
reflection can then be very readily identified : relative intensities 
can be determineil from the photograph. This method, which can 
be yet huther refined by synchronously moving both crystal and 
film (\\ eisseuberg method), is the most powerful technique for 
determination of crystal structures. 

(iv) Po\yder method— Debye and Scherrer, Hull (1917). Where 
the investigation of a single crystal is impracticable {e.g. for many 
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substances obtainable only in a finely ^vided 

state), a polycrystalline specimen may bo used. 

radiation If, in a polycrystallme material, the cr> sta^,^ 

oriented completely at random, some wiU Jforded 

Bragg condition for each value of d, and 
for Tach set of planes. The reflections 

&S°sJ^birb^tTfferentifiLrindices^a^^^ 

of the highest syrumetry classes. ^ ^ , r+v-i1 mirnoscs for 

for the identification of compounds and of’ the 

the determination of lattice pa'^^me substances 

orientation of crystals m metals, etc. > - }^ifihly 

of simple empirical formula tend ^Ywaaonal systems), the ’powder 

symmetrical lattice types (cubic and h . ^ the study of 

method has, in practice, found a \Mdc app cannot be 

inorganic compounds {e.g. halides, oxides, etc.) that can 

obtained in the macro-crystalline state, m, ._^jotures of a verv 

The Classification of Crystal ivc urc 

large number of compounds have bee cliemieal con- 

now able to perceive some corrcla ion .• the crv.stal 

stitution, the physical and , tvnes of interaction 

structure of solids. We may recogm/.e f 

between atoms or molecules, that [ i.,ttice Tliese 

binding them in the regular array of the crjstal l..tta.e 

typos of interaction are : . r . i.,atv..f‘n ion.s ; 

(i) ionic forccs-electrostatic ; 

(ii) homopolar forces -covalent links bctuico 

(iii) metallic forces ; 

(iv) van dor Waals forces, 

(v) hydrogen bonds. . a „,tnn the n-oilar paeking 

(i) In ionic crystals the structure IS base 1 the lattice fiirces 

together of ions of the constituent c erne ^ ^ ^ 

are the electrostatic attractions bet^seen ,.i.,ssifie<l umler tliis 

proportion of inorganic compounds may _ hiiiarv salts, 

Losing, which includes not only^e ; thus, 

such as NaCl, CaF., but also “s 

in sulphates and carbonates the ^^4 forces arc undirected 

discrete entities in the lattice, bmee structure assumed 

in character, we may foresee ‘bat tbe crystallm^.U-.^^^^ 

under the influence of lomc forces > 
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geometrical factors, sucli as the relative size (and with radicle ions, 
the effective shape) of the ions. 

(ii) Homopolar forces between atoms may not only lead to the 
linking of atoms into small discrete kinetic units (i.e. molecules), 
but may also link together atoms throughout a crystal lattice. In 
such a case we may think of a crystal as an infinite pol 3 rmer of the 
compound in question (contrast with van der Waals forces, below). 
We know from other evidence — for example, the stereochemistry 
of organic compounds and of complex salts — that covalent forces 
are strongly directional in properties, so that in crystals where 
covalent forces are operative — either within a structural unit or 


throughout the lattice — the atoms must be disposed in accordance 
with the valency angles of each element. 

(iii) Metallic binding. The properties of metallic crystals may 
be interpreted on the hypothesis that the valency electrons move, 
not in orbits determined by the attraction of a single nucleus, as 
in an isolated atom, but in the periodic field of all the atoms of the 
lattice, and are, in effect, shared by all the atoms. The effective 
radii of atoms in metallic crystals, both of elements and of alloys, 
lUiTer from the ionic radii of the same elements, and are to be 
identified with the radii of the neutral atoms (covalent radii). It 
will be found difficult to draw a clear line of demarcation between 
metals, alloys, intermetallic compounds and tvpical homopolar 
coinpouiids. "We may note, howe ver, that in the true metab the 
lattice torces are undirected. In consequence, the atoms, in metallic 
elements, tend to arrange themselves in one or other of the two ways 
of achieving closest packing of equal spheres— the hexagonal close- 
packed or the face-contred cubic arrangements. In each of these, 
every atom is in contact with 12 nearest neighbours, as a section 
ot the hexagonal close-packed lattice parallel to (0001), and of the 
iace-centred cubic lattice parallel to (111) will show. 

(iv) van der Maals forces, the residual forces between electro- 
statically neutral molecules, manifested in all three states of matter, 
sciNo as cohesive forces where a cry.stal lattice is built up from 
indn Klual molet ules, uloutical with those capable of existing in the 
g.isi,ou.. phase Iheso tcwces are weak compared with the electro- 
-tat.c lattice forces of ionic crystals, or covalent binding forces. 

n ‘'7: relatively easily overcome— for example, by 

ii.i a^i a ion. *or this reason, compounds forming mokcuhr 

1. eular weight bo not too high, arc frequently volatile and readily 
s h i le in non-polar solvents. Furthermore, since vaporization or 
di.^. oluhon of the cry.stal m a solvent merely disperses pre-existing 
nmlccules, the typ.eal molecular propert-ies-absoS spe« 
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magnetic ausceptibiUty. etc.-are essentially the same in the 

cryftalline and the disperse state. This may be 

the ionic and homopolar crystal types, which must be 

in order to .furnish the individual molecules that compose th^r 

vapours. Molecular crystals are typified by the numeroi^ co 

poLds of organic chenfistry, but among inorganic 

type of solid is less frequently encountered ^ , 

cU^c sulohur both built up of Sg molecules, P^Os. bnl 4 may oe 

cited i et mple:! It wiU be noticed in the 

the book that a number of instances of allotropy or P°b " 

can be traced to the crystaUization of the 

pound both in a molecular lattice and in in ' T The 

form, with homopolar bonds riinnmg throug lou .(.nirmontite 

structures of the two forms of antimony m) 

Sb,0„ and valentinite, (Sb, 03 )oo-and the ^ 

trioxide and phosphorus (v) oxide illustra cup certain 

(vl Hydrogen bonds. The hydrogen atom may, under ccrt.am 

circumstance!, form fairly strong bonds ivith two atoms 

ously. This property anises from the vanishing^ naU “f ^‘P'; 

hydrogen ion, the bare proton, which coii ers below, 

polarizing power and (6) a co-ordination num ■ 

p. 75). The polarizing power is “ ^ ^ Sterns, but 

no free existence as a chemmal enWy 1^^ l,y,lrogen 

the hydrogen atom of a >NH, Ull or ,,K / nnl irizc and 

atom bound to an atom of high electron a yj* V- 
bind a second N, O or F atom. Such a h/j< roge ■ ^ 

by the HF,- anion, ^vhich exists as a structural un t 

The binding is _®«^J/;_’j%®“™h''rLiiance between the 

equivalent structures [F- H-F] and F--H 1 J 
Whatever the precise mechanism of bin g, „,,nroach of the two 
a link is attested by the abn^mally c . KIIF, is 2-20 a. 

fluorine atoms concerned ; the F „ = 2-72 a. It is 

compared with twice the radius of the i « Drovidcs some 

this contraction of interatomic distances, im ’ ^ ' j Wliere 

of the clearest evidence for to 

hydrogen bonds are formed wiUi O, N contraction of inter- 

hydrogen {e.g. between two —OH gr mp 0 diminished. As 

atomic distances and the bond strengtl jj ^c in strength 

a cohesive force, hydrogen bonds arc 

between the van der Waals and tlie cannot, generally 

The nature of the cohesive forces in > • j^^j.^jcture of the 

speaking, be unambiguouely ™ depend directly on the 

crystal alone. Physical properties whic P ^ 
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cohesion — hardness, solubility, fusibility and volatility — or on the 
nature of the structural units — e.g. electrical conductivity — must be 
considered also. 

As was stated above, the only direct conclusion to be drawn from 
crystal analysis is the ‘position of every atom within the crystal 
lattice ; all else is inference. Since the forces of interaction 
between atoms fall off rapidly with distance, we can, however, 
recognize those atoms that are linked by predominantly covalent 
forces, by reason of their closer approach to each other than to their 
other neighbours. According as the interatomic distances reveal 
the existence of finite complexes of atoms, or of atoms linked in 
infinite extension in one, two or three dimensions, we may, following 
A. F. Wells, classify all observed crystal structures as set out in 
Fig. 14. We may then consider the factors that determine the 
structure observed for any substance, and the relation between 
structure and proi)crties. 

Under mechanical stress {e.g. shear stresses), or through thermal 
agitation, the weakest binding forces of the lattice are, naturally, 
most readily overcome. For this reason, crystallographic planes 
acro.s.s which only van dor Waals force.*? operate constitute planes 
of ready cleavage, and structures built up from infinite one- or 
two-dimensional complexes crystallize naturally in a fibrous or a 
platv liahit respectively. The influence of the strength of the 
cohesive forces upon the mechanical and physical properties of a 
compouiul may be .seen by comparing, e.g. NaF with MgO, both 
being ionic compounds with the NaCl .structure. The former melts 
at 902^ (). an<l has hnrdnes.s 3*2 ; corresponding data for are 
2800 ^ 111(1 ryr>. 

1 ho Structures of the Elements. — In the lattice of a crystal- 
line' clement w<^ have only the packing of like atoms to consider. 

I he geometrical factors ihat largely determine the structure of 
compounds below) are therefore lacking, and the structure 
assumed by demerits is d.-termined solely by the binding forces 
l)elwe(‘n tlu'ir at inns. 


(«) A\ here rm (lirec ted fijrces are involved, the whole lattice con- 
stituti'.s an infinite tliroo-ilimensional complex (Fig. 14) so that the 
atoms tend to adopt th*- close-packed structures in which each has 
the greatest possible nuialicr (12) of nearest neighbours. Such is 
the case witli the inert gases, lietwecn the atoms of which van der 
Waals forces are the only interactions. These elements accord- 
ingdy crystallize in face-centred cubic lattices, with low melting 
points and high vapour pre.ssure.s owing to the smallness of the 
coliesivc force.s. 


In contrast with this, and 


c\ idencmg the operation of directed 
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honiopolar bonds, we have in the diamond (also in silicon, ger- 
manium and grey tin) the formation of ‘ giant molecules Each 
atom can form four covalencies, and is linked to four nearest 
neighbours, even though the infinite complex so formed has a 
relatively open struct\ire. We may note, however, a trend from 
the purely homopolar towards the metallic type of linkage, shown 
by the progressive change in cohesive and electrical properties, as 
we descend the 4th group of the periodic table. 

The third type of infinite three-dimensional complex we find in 
the metallic elements, the operation of undirected metallic forces 
resulting in close-packed structures. An ideal metal would there- 
fore crystallize either in the face-centred cubic structure, or in the 
hexagonal close-packed structure with c/a = 1-633 ; many do so, 
but a number— ])articularly transition metals and metals with large, 
easily deformable atoms (V, Cr, Mo, a-Fe, W, Ba, Eu and the alkali 
metals) — crystallize in the slightly more open body-centred cubic 
structure. \\ e may notice a transition, also, from the ideal metallic 
lattice towards the development of homopolar bond character, as 
for exanij)le in the sequence 


(’u 

Zn 


Ca 

(;<• 


face centred cubic. 

he.xagonal, not (juitc close packed, with c/a = 1-86 ; i.c. a distinct 
drawing togetlier into layers. 

nnit|ue rlioml>ic structure, witli distinct incipient segregation of 
atoms into (bu inolocules {cj. nieltijig'i)oint). 
diamond structun* ; binding largi-Iy homopolar. 

liieit' is a similar and v»tv striking gradation running right across 
the period A,g-(M-In-Sn-Sl)-Te-I. 

(h) An atom of an element of tlie group (4 < n 7) of the 
peniiilic t.-d.Ie can f*>nii (S — covalent bonds. Hence, where 
hoinupolar fnrrcs dcicrmine. crystal structure, it is not surprising 
to hml Tliat each atmu has (S — n) nearest neighbours. This has 
ahva'lv }.. .11 . xcmplitied by the diannmd structure of the group IV 
-■b'mcnt^. Will, til- d-Tiients of group V the rule load's to the 
as.sociaiioti of every atom with three nearest neiglibours. One 
structure satidying this c(Uiditi.>n is that found in grey arsenic, 
antimony and bismuth, wlicrcin the atoms arc drawn together into 
nilmite two diinem^ional complexes - jtuckcrod sheets of trigonal 
symmetry. A pn.gre^siv.. transition towards the metallic tvpe is 
again jx-rccptilile. Imt all tlieso elements arc notalilv imperfect in 

('■) The (S _ >,) rule implies that cacdi atom of a group VI element 
'•hniild have two nearest neighbours in the lattice. The only 
udimt*. eomplex fulfilling this condition is the chain structure 
uluch we fiml m the erystal lattice of .selenium and tellurium As 
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with the sheet structures of As, Sb and Bi. the residual forces 
between adjacent chains seem to be metallic m character. We 
may note that with sulphur, while the {S - n) rule applies the 
tenLncy to form chains is apparent only m the allotropy of the 

lionid transformation). . 

V) We have, finally, those elements that fo™ 

The halocens, in conformity with the (8 - n) ru e. build '>P their 
Crystal lattices from diatomic molecules, whdst elements of higher 
valency can also conform with the rule by the formation of closed 
vroups of atoms ; we thus have the S, ring molecule of sulphur, 
Ld the tetratomic tetrahedral molecule found m white phosphoru. 
and (presumably) in yellow arsenic. The formation of molecular 
lattice's, with their concomitant physical properties will be found 

to be confined to the typically non-metaUic 

The Structures of Binary Compounds.— Under tins lieai iiig 

it is convenient to consider first the predominant yelectrovaleiit 

-V 'is 

srLrs “ r -xs; 

^^Thrbinarv compounds of tlie elements crystallize, in many cases 

vp... 

• X;. 

between the interatomic distances N-X and j" ‘‘"® 
lws\hlt%hb if X ";pro.f:mXi; tm^^ and 

true radius of any one ion w^rc knovn t mraim^^^ ^ 

be deduced. A self-consistent s (Table 1) on the 

theoretical basis, has been drawn up in this vay (lan.c ; 

next page. 
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Table 1 





Ionic Badii, in 

A 




A suh-group dementi. 







- 3 

- 2 

- 1 

+ 1 

+ 2 

+ 3 

+ 4 

+ 6 

+ 0 



H 

Li 

Be 

B 






1-53 

0-60 

0-31 

0-20 




N 

0 

F 

Na 

Mg 

A1 

Si 



1-71 

1-40 

1-36 

0-95 

0-66 

0-50 

0-41 



P 

S 

Cl 

K 

Ca 

Sc 

Ti 

V 

Cr 

212 

1*84 

1-81 

1-33 

0-99 

0-81 

0-68 

0-59 

0-52 

As 

Se 

Br 

Rb 

Sr 

Y 

Zr 

Nb 

Mo 

2-22 

1-98 

1-95 

1-48 

1-13 

0-93 

0-80 

0-70 

0-62 

Sb 

To 

I 

Cs 

Ba 

La 

Ce 



2-46 

2-21 

216 

1-69 

1-36 

1-15 

101 



Ti sub-group dements. 










Cu 

Zn 

Ga 

Go 

As 





0-96 

0-74 

0-62 

0-63 

0-47 





Ag 

Cd 

In 

Sn 

Sb 





1-26 

0-97 

0-81 

0-71 

0-62 





Au 

Hg 

Tl 

Pb 

Bi 





1-37 

MO 

0-96 

0-84 

0-74 







T1+ 

Pb-H- 








1-44 

1-21 



Transition 

metal cations. 








Ti*+ 

v^+ 

Cr»+ 

Mn»+ 

Fe«+ 





0-09 

0 66 

0-64 

0-62 

0-60 








Mn*+ 

Fe«+ 

Co*+ 

Ni«-«- 






0-80 

0-76 

0-72 

0-69 



B^rom such a set of ionic radii it is possible to frame certain generaliza- 
tions. (i) The ionic radius of any cation is smaller than the radius 
of the neutral atom of the same clement, whereas the radius of an 
anion is greater, (ii) For any one element, the radius decreases 
progrcssiv’cly with increase in the cationic charge — i.e. as electrons 
of the highest quantum number (largest orbital radius) are stripped 
off, aud the average tightness of binding is increased, e.g. 

Pb 1'4C A Pb*+ 1-21 A Pb<+ 0-84 a 

Mn 1*18 A Jfn**- 0-80 Mji*+ 0-62 a Mn«+ 0-62 a (Mn’+ 0-46 a) 

It is an important consequence of this rule that highly charged 
cations arc very small, and have high polarizing power. The 
importance of this for the transition from electrovalent to covalent 
boncling was discussed in Chapter III. (iii) In any series of 
iso-electronic ions, the radius decreases rapidly from element 
to element as the charge increases. The corresponding increase 
in rachus with increase in negative charge is rather less striking. 
(IV) In the transition senes, where ions of the same valency may be 
formed by a series of consecutive elements, there is always a pro- 
gressive decrease in radius as the atomic number of the ion increases 
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This contraction is particularly important in the long series of the 
rare earths, the radius of the Ce“+ ion hemg 1-18 A and that of the 
Lu=+ ion 0-99 A. In consequence of this, the elements immediately 
following the rare earths are no larger in atomic r.^ius and ionic 
radius than their congeners of the preceding Long Period and ^ e 
find the abnormaUy close similarity between members of the pa rs 
Zr-Hf and Nb-Ta. This shrinkage has been called the Lanthamde 

*^°sScfX forces between ions are not spatially dlrecteiL the 
structures assumed by ionic compounds are determined c^ by 
the relative numbers of each kind of ion, and by their relative sizes 
In order to attain maximum stability, compact structures are 
usuaUy built up, in which every ion is surroimded by as many ions 
Topposite sigi as is possible. This number, the number of nea res 
neigWiours. ifknovm as the Goldschmidt co-ordination number, an 1 
is determined by the ratio of the ionic 
radius of the cation A to the ionic radius 
of the anion X, i.e. by Ra • ^x* For any 
particular geometrical arrangement of the 
larger ions (which, as has been seen, are 
usually the anions) about the cations there 
is a lower limiting value of R-a. • below 
which the larger ions would be in contact 
with each other, but not with the ion ot 
opposite sign. Greater stability would then 
be achieved if another geometrical arrange- 
ment, of lower co-ordination number, ^ere 
assumed. We can calculate geometrically 
(Fig. 15) the limiting values of the radius rati , 
changes in co-ordination number may be expect 
These are set out in Table 2. 

Table 2 



Fxa. 15 .— Illustrating tho 
limiting ratio for 
fourfold square co- 
ordination. 


Radius ratio Ka 5 Hx ^ 

Co-ordination no. 

Oeometrical arrangement 

1 

1 

1-0-732 

0-732-0 414 

0-414-0-22 

0-732-0414 

0-22-0- 16 

Loss than 0-16 

* 

12 

8 

0 

4 

4 

3 

2 

Close packing ' 

Corners of cube 

Comers of octohedron 
Vertices of tetrahedron 
Comers of plane square 
Corners of triangle 

I Linear 1 


. . 1 AY kind of ion necio.ssariU’ 

In a simple binary compound AX, each Kinu 
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has the same co-ordination number. Thus, in the sodium chloride 
structure (Fig. 16), the arrangement can be described as one of 
6 : 6 co-ordination. CjBsium chloride is not truly isomorphous with 
the halides of the other alkali metals. The radius ratio R^g : Ref 
is 0-93, so that in accord with the above table, the CsCl lattice is 



Fi«. 10. — NnCI Structure : 
(5 : 0 co-ordination. 


Fio. 17. — CaCl Structure : 
8 : 8 co-ordination. 


based on 8:8 co-ordination (Fig. 17). In compounds of the type 
AX 2 , the co-ordination number of the ion A must be ttvice that of 
the inn X. Tlie .structure as a wliolc is then determined by the 
co-ordination around the smaller ion. E.xamples of the most 
common types i)f structure resulting from different values of the 
radiu.s ratio in .VX., compouiuls are : 

SiOg : Rjj •= 0-203 Co-ordination 4 : 2 Cristobalito structure (Fig. 18) 

0--IS() 0:3 Rutile structure (Fig. 19) 

6-73 8 : 4 Fluorite structure (Fig. 20) 

In all these ‘ type .structures the arrangement is symmetrical 
about both kiuils of ion. as indeed it must be if oulv undirected 
electrostatic ftirees are involved. The actual number of different 
types <if structure exhibited by ionic compounds is thus limited, 
and th<- arraiiLrcnuuits ;ilrea«ly referred to will be repeatedly 
encounf fi'rd. 

I’A.'u wli.'tv radi< le ions are involved, the foregoing considerations 
arr valid, even though their apjdicatioii is less clear cut. Thus, 

< al( nini earb<.nare is <limorphous, and cry.'itallizes as calcite and 
arag'*iiit*‘, each of wliich is a member of a well-known isomorphous 
It aj)pears that tho radius of tlxo ('a"*" ion must be close to 
the critical \'alue for the cliange over from the calcite type to the 
aragonit(‘ typ<- ot structure, la^oause the carbonates of all the 
bivalent Me tals (:\Ig, Mn, Fe. etc.) having ionic radii less than that 
ot the ( a- ion are isomorplious with calcite, while the carbonates 
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of metak ^th greater ionic radi,^ (Sr, Ba, Pb) are 

with aragonite. -The nitrates M‘N 03 . and the borates U BO 3 , 

have the same structures, and the change of one type to another 



Fio. 18. — SiO, cristobalite struc- 
ture : 4: 2 co-ordination. 



Fia. 19.— TiO, rutile struc- 
ture : 6:3 co-ordination. 



Fio. 20. — CaF, fluorite structure : 
8 : 4 co-ordination. 


occurs at al^ut tU sa.ne of f 

(Table 3). As .8 discussed below ^ eonstitueuts 

oSe°l"X XOrautn; “ud art covalent complexes of 
of the lattice, me Avjg . unreasonable, 

atoms, h-ving the same shape 

liAwcvcr to tftlcc tli 0 siz© oi til© V It* CT 

these triangular anions .pack about the metaUic cation . 


Calcitc Btnicttire . 


Table 3 

. UNO, 0-34 
NaNO, 0-54 

MgCO, 0-47 
ZnCO, 0-50 
CaCO,. 0 07 

ScBO, 

InBO, 

YBO, 

OGO 

or>9 

0-08 

Aragonite structure 

• 

. KNO, 0-70 

CaCO, 0 07 
SrCO, 0-76 
BaCO, 0-87 

LaBO, 

0-79 


We have seen on a '^Suf^important 

part, considerably smaUer than anions, in v t 
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classes of compounds — the silicates, borates, heteropolyacids, etc. — 
oxygen ions are the ions that principally determine the struc- 
ture. The co-ordination numbers of the principal metallic ions 
towards oxygen are set out in Table 4. 

Table 4 


Co-ordination Numbers of Ions in Oxide Struciures 


1 

Ion 

Radius 

B* : Ro*- 

Co-ordinotion number 

Predicted Observed 

t 

, B^+ 

« « ♦ * 

0-24a 

018 

3 

1 

t 

( 

3 and 4 

, Be*+ 


0-34 

0-25 

4 

* 

1 

4 

, Si*+ 


039 

0-30 

1 4 

1 

4 

I Gc*+ 


0-44 

0-33 

' 4 


4 

I A13+- 


0-57 

0-41 

4 or 

6 

4 and 6 

I Ti^+ 


0-64 

0-48 

G 


0 i 

: iMo*+ 


0G4 

0-48 

6 


6 1 



0G5 

0-49 

6 


G 

I Sn*+ 


0-74 

0-56 

1 6 


G 

Mg2+ 


0-78 

0-58 

I 0 

1 

1 


Li+ 


0-78 

0-58 

G 

1 

1 

1 G 1 

Sc3 + 


0-83 

0-63 

G 


! G 1 

I 


0-87 

0-65 

6 


G and 8 

■ Na+ 


0-98 

0-74 

i ® 


8 



102 

0-77 

8 


8 



1-06 

1 0-80 

8 


! 8 

Th‘+- 


1-10 

0-83 

8 


1 s 

K+ 

# • ^ ^ 

1 33 

100 

8 or 

12 

1 C, 8, 10, 12 


The Formation of Layer Lattices. — As was seen in Chapter I, 
the spherical distribution of electric charge on an ion would be 
distorted ])y the action of ions of opposite sign, this polarizability 
being particularly great for the anions of large radius, such as the 
and 1“ ions. In the crystal lattice, polarization can have the 
effect of drawing the atoms into sheet-s, in such a way that the 
deforinc(l ions are no longer symmetrically surrounded by the ions 
of opposite sign. Such a structure is known as a layer lattice. 

1 he occurrence of this effect is typified by the cadmium halogen- 
ides. Cdh 2 is a tculy ionic compound, because the F“ ion is but 
little polarizable ; the salt crystallizes, with 8 : 4 co-ordination, in 
the fluorite structure. On account of the much greater ionic radius 
of the I ion, Cdlj exhibits a structure based on 6 : 3 co-ordination, 
but not the rutile structure typical of truly ionic compounds. The 
difference arises from the high polarizability of the 1“ ion. ^^^le^eas 
each Cd®"^ ion is at the centre of an octohedron of I” ions, the three 
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Cd*-*- ions with which each I" ion is associated he all on the same side 
of the iodine ion (Fig. 21). The cations, and the anions directly 




-7-4- X 

(a) 

linked to them, thus form layers ^ IrpeSr 

rrh:^ llzv- 

and°sheets of cations are ^ery strong compared wrth the ua^ 

■r^wfct ■ rinT«e tigW bound together than are the 

M M 01 ca M W Cd •■• ;;;gj 

I I I I ^ ^ 

cleavage - t t I (4) 

|d ^ f f ;:;::;;;re> 

cleavage ~ Z j t I (7) 

^ Ll W cd Cd (8) 

Layers 1. 3. i. 6, 7. 9, etc.. <mn.sist 

Layers 2. 5. 8. etc., consist only of Cd lon-s. 

... ..-Cd... -- " 
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ions of a purely ionic lattice, and can be regarded as a two- 
dimensional giant molecule. Since tbe forces between adjacent 
composite layers are only tbe van der Waals forces, crystals of 
this kind accordingly show a pronounced cleavage parallel to the 
sheets. The line in Fig. 22 represents such a cleavage plane. 

Layer lattice structures are invariably formed by compounds of 
the tj'pes AX 2 and AX 3 whenever the polarization effect is suffi- 
ciently high. Thus, the iodides of all the bivalent metals, and the 
bromides and chlorides of all metals with an ionic radius smaller 
than that of the Ca“+ ion, crystallize in this way (though it should 
be noted that the cadmium iodide type is not the only possible 
layer lattice arrangement). Only the fluorides are, invariably, true 
ionic compounds. That it is a matter of polarization, and not of 
the relative size of anions and cation, may be perceived by com- 
paring the fluorides of the metals with the hydroxides. The 
hydroxide ion, Oil", is not very diflerent in radius from the F“ ion. 
Intrinsically, however, the OH" ion is dipolar in character; the 
distribution of electric charge on the ion is not spherically sym- 
metrical, and the ion is therefore very polarizable. All hydroxides 
of the types M(OH )3 and MfOHlj form layer lattices, irrespective 
of the radius of the ion M. In these latter compounds, moreover, 
the two-dimensional giant molecules arc united by fairly strong 
ibrces between the OH" ions of adjacent layers (so-called hydroxyl 
hoiuju). It is to this property that the insi>lubility of the hydroxides 
ran j.robably be traced. 

Adamantine Compounds. — In the compounds of general 
formula .\X fornuMl ])etween the metalloids (Sc, Sb, etc.) and the 
metals of the I> sid)-groups (Zn, Ga, etc.) polarization effects 

operate in such a way that these are 
liomopolar compounds, rather than 
ionic. The typical compoimd is zinc 
s\ilphi«le, which in both its crystalline 
forms, zinc blende (or sphalerite) and 
wurtzite, forms three-dimensional giant 
nuileculos. In both, the arrangement 
of atom.s i.s es.sentially that of the 
diamond (Fig. 23), with half the atomic 
positions occupied by zinc atoms, half 
l»y sulphur. The essence of this struc- 
ture i.s that everv atom is linked to 
its four neighbours by covalent bonds, 
but the eight elccti<ins thereby involved in bond formation are 
not provided equally by the zinc and sulphur atoms. All six 
valency electrons of the snlpluir, and the two valency electrons of 



Vio. 2^. — Zinc blonde* sirnrturo : 
4 : 4 
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the zinc, are contributed to the crystal lattice. The point of 
greatest interest is that the formation of such an adamantine 
crystal occurs whenever the two constituent elements possess 
between them, eight valency electrons. Further, for a J^enes of 
compounds in which the sum of the atomic numbers of the t™ 
elements is the same throughout, the actual mteratonuc distance ^ 
practicaUy identical with that found in the corresponding Group I 
element possessing the true diamond structure (fable 5). 


Table 5 


Compound 


•AlSb 

SCd 

CuBr 

ZnSe 

GaAs 

Ge 


Atomic 

numbers 


13 + 51 
16 + 48 

29 + 35 

30 + 34 

31 + 33 
(32 + 32 


C4 

64 

64 

64 

64 

64) 


Valency 

electrons 


3 + 5 = 8 
6 + 2 = 8 
1+7 = 8 
2 + 6 = 8 
3 + 5 = 8 
(4 + 4 = 8 ) 


InUratotnic 


2-64a 
2 52 
2-46 
2 45 
2 44 
2-44 


This formation of adamantine compounds where tl^e 

dition is fulfilled is sometimes referred to as the Gi m _ / 

Rule. In the compounds of the transition anniv ue find 

gens and metalloids, although this rule does 

again that the compounds are not salts, but " “"“le.Vov 

■ The formula of such compounds do not follow ^ J 

rules, but conform, for the most part, . AX coin- 

Thus we have AX compounds such as N.A-s, PtSb AX. 

pounds. FeS. PtAs,, Fe^S. This at once suggest that^thm 

composition is detennmed primarily y 6 plemcnts are 

struLre. Further, all the valency e ectrons « 
not employed in bond formation, with the 

pounds are frequently ' rtles ^ tlie.se substances 

trace a continuous gradation in propert . 

and the true intermctallic compounds. foreizoinK 

Goldschmidt’s P^'^t^teLcnt formulated by V. M. 

paragraphs are summarized in the stat , ^ com- 

Goirchmidt (192e).that the crptalline Btm ture d a soh^^^ 

pound is determined by the relative “'i" “ k^ents. 

the polarizability of the the^" ternary compounds of the 

TernaryCompounds.— Amongst tuctcnidi^ 1 w^een 

elements we may ^aw a ^stmction, ^ ® existence 

those comiiounds in which the crysUl s , • + whole crystal 
of discrete anionic radicles, and those m which the wnoie y 
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structure constitutes an infinite three-dimensional complex. Thus, 
amongst the oxygen compounds there are, on the one hand, the 
salts of the oxy-acids, and on the other hand the multiple oxides 
ApEyO., in which the elements A and B play an essentially similar 
role. The type of structure adopted by a particular compound 
depends on the difference in magnitude of the polarizing effects 
and electronegativities of the elements A and B. 

Discrete anionic groups are formed when the forces of polarization 
are very large — i.e. when a purely ionic structure would involve 
cations of very high charge. Where the binding forces within the 
anionic groiip are essentially covalent, the shape of the group is 
determined by the directional properties of the bond orbitals 
concerned. The packing of anions and cations into a three-dimen- 
sional structure is governed by both the shape and the size of the 
ions. The shapes of some of the more common complex anions 
are shown in Table 6 below. 


Table 6 


A,, AX 

A,. AX„ AXY 

Linear 

AX, 

Angular 

Planar 

AX4 

Pyramidal 

Tetrahedral 

AX4 

Planar 

Octobcdral 


O C CN~ 
nX’cNO-, CNS-, [Ag(CN)J- 
CIO,- NO,- 
NO,-, CO 3 *- 
ao,- BrO*- SO,»- PO,9-, AsO.*- 
BF,*-. P 04 »-. SO^*- ClOr, MnO*- 
PdCl 4 «- Ptca 4 *-, fNi(CN).]*- 

SiFe*- PtCle*- 


There arc, however, many compounds commonly written as salts, 
in which there is no justification for singling out any one element 
as the central atom of a radicle anion. 

To this t}T5e belong a number of very important classes of 
inorganic compoumls — in particular, the oxygen compounds ABO, 
and AB2O4 The former class, provided the radii of the cations 
of the metals A and B are such as to conform reasonably well with 
the geometry of the arrangement, crystallize in the structure of 
calcium titana^, CnTiOa, perovskit^ (Fig. 24 ). In this structure, 
each atom of B is co-ordinated with 6 o.xygens, each atom of A 
with twelve. It can easily be worked out that for such an arrange- 
ment, ideally, + R^ — ^'^2(RJJ + Rq) ; actually there appears 
to be a certain measure of tolerance, and the perovskite structure 
IS ioimd to be that of a i\ndc variety of compounds which fulfil the 
condition that 0^ -j- 0^ = 6. Thus, Na'NTD^O,, Ca^Zr^’^O, Y*“A 1 “‘ 0 , 
a 1 form the perovskite lattice. So also does K*Mg<iF3, which fulfill 
the s^e essential conditions. It should be noted that for the case 
A — R the geometrical condition can no longer be fulfilled. In 
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fact the A.Oa oxides formed from cations of small radius crystaUize 
like’AlgOa and Fe^Oa ; the oxides of trivalent metals with large 
cations possess the entirely different rare earth oxide structure. 

A second important group of multiple oxides is that of the 
AB,0. which (c/. the condition for assummg the perovskite struc- 
ture) are formed whenever the charge on the catmns totals eight 
^its. Once again, there is no aniomc radicle m these compounds. 




Ti 


Ca 


Oo 




Fio. 24. — Perovskito structure. 


Although, from the geometry Jlre ^ -- 

rounded by 4 spinel itself. MgA^O,, either 

atoms, we cannot justinamy r ^ a be either more 

as Mg[A 102]3 or as AlaH^IgOJ • without affecting the assump- 

or less electropositive than element B Table 7 

tion of the spinel structure, as may be “ itt mixed 

below. This table shows how the .f ,3 total 

oxides of various formal fyP*’® ^™'^Vhat the JI O. oxides of the 
charge is fulfiUcd. It wdl be seen that the 

transition metals belong to this category. 


AO + BjOa 

ZnAb04 

MgFcj 04 

FeFcjO* 

MgCfjO, 

FeV *04 

MgInjO* 

MnCr2S4 


Table 7 

ConipmyuJs vHth Spinel Structure 

2B0 + AO, 

TiMg ,04 
SnMg204 

GeNi ,04 
TiCo,0, 


B<‘Li 3 F 4 


CuCo,S* 

Tf is familiar that many salts 
Water of Crystallization. , , . ^ jjoth on systematic 

crystaUize from aqueous the determination of the 

chemical grounds and as a 
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constitution of solid salt hydrates, we may distinguish two distinct 
functions that can be fulfilled by the water of crystallization.^ 
(A) In the first place, the water may be co-ordinated to the 
cation of the salt, not only in the crystallographic sense, but to 
form a co-ordinated complex ion in the sense of Werner’s theory 
Thus, in the salts CrCl3.6H20, NiSO^.TH^O, BeSO^.iH^O. 
have actually the salts of complex aquo-cations— rCrfH.>0)«ICL 
[NilllaOlelSOj.HoO, [Be(H 20 ) 4 ]S 04 respectively. The e~ffect of 
the sheath of water molecules around the rather small metallic 
ions IS. primarily, to increase the ireffective radii, and so to decrease 
greatly their polarizing power. For e.xample. the radius of the 
M + ion IS 0-57 a, and the polarizing effect of the ion is so high 
that the aluminium halogenides are non-electrolytes in the fused 

which exists in 

IvAI{SOj),,l^HjO, AIBfj.GH.O, etc., form.? an octohedral complex 

.on w.th an efTective radius of about 3-3 a, larger, in fact, than the 

inn. Ih.s complex ion is accordingly able to enter into 
Simple, unpolanzod ionic structures. 

Consideration shows that the ooliosion of complex ions of this 
type must arise from the manner in which the water molecules are 
polarized by the metallic cations. One consequence of this is that 
It IS the metals of small ionic radius, and high ionic charge, that 
tend to form hydrated salts. The distribution of hydrated salts 
in relation to the Periodic Table will be found to accord with this 
geneialization, their formation being increasingly favoured as we 
pass fiom Group I siicce-ssively to the second and third groups whilst 
„„J- one grnnp tin. tendency to the hydration of .,a^s In in 

F : - y->»- -eight, the io„ic mdius inerca.: S. 

U.ftiostatK the co-,.rdination number of the metal in the aouo- 

.el .'!iyV''i'", r ‘ a.iefly l,y a geometrical factor-the 

V - 1 . " ' an<l water molecule. Both these feitnms 

(an illustrated by the clil.^rides of the motels of the second group 

ir K;- :is r 

:='s, « 

8<f also Chap. VI. p. 190. 
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structure of ice. The same ^k. the rnik.ns, of the 

rt"“ crystallization plays a definite part 

in the cohesion of the whole. f„„ction of the water is so 

In some instances, . the crystal lattice without 

unimportant that it can be ^ This is the case with the 

bringing about any change of structure. 


Be2+ 

Mg2+ 

Ca»+ 

Sr»+ 

Ba*+ 


0-31 

0-65 

0- 99 
113 

1- 35 


C.N 

4 

6 

6 

6 


Table 8 

Be(H20)4]Cl2 

Mg(H 30 ) 8 lCl 2 

Ca(H,0)6lCl, 

Sr(H20)8lCl3 

S1CU.2H2O 

BaClj.2H20 


Aquo-cations formed. 

Simple, unbydratcd cations in 
crystal. 


X>» ' Jl - n 

typical zeohtes. and has as “-^Tphte instead 

partiaUy dehydrated compo^< ^ and^dehydration product, 

of as a two-phase mixture fronuently water of crystallization 

It should be noted 7^'^^„n„o-cations, and present as ‘ struc- 
of both present iu the same couipouiul. 

tural water’ in the crystal a ‘ formulated as 

Thus, aluminium sulphate. , 

[AUH*0)e]2(S04)3-6H20. 


o 



CHAPTER V 


STRUCTUKE OF lAIOLECULES OF INORGANIC 

COIIPOUNOS 

A groat deal of information on the structure of the molecules of 
morgamc compounds has been obtained by the application of certain 
woll-estabbshcd physical techniques. In this chapter it is proposed 
to review some of the results obtained by the following : 

(«) Ihe diffraction of X-rays and electrons by gases and vapours, 
(o) c>pectroscoi»ic methods. ^ 

(t) liie inea.suromciit of dipole moments. 

(d) Magnetic measurements. 

Ill iidditioii to tlii'iie methods, and exceeding them in importance 

de U 'vliich'iL been 

cKaii \Mtli m the preceding chapter 

X-Ray and Electron Diffraction by Gases and Vapours— 

, ' , g“ses was first developed in 1915 

1 . bye and Ehrenfest. but it was not until fonrteeii year^ later 

f St d vin .“'r 1 experimentally. Although this method 

■stu.l. ing the structure of gaseous molecules has been largelv 

■ Jii.wded In- tlii^ use ol electron dift’ractioii, brief reference will 
be made to .some of the clas.sical rcesults obtained. 

Di. snittenng ol X-rays by gases differs from that by liouids 

that the w-u-..- s ti i r ^ ''ilb lespett to the incident beam 
cu le ill r :";‘“"ied Iron, the ddferent atoms in any one mole- 

in others V dVlfr ' < eitam directions and interfere 

I emit of a ^ ‘ " ‘“/'‘^-fore be obtained wliioh 

to:r Xi^!^ r':;::'- n:^:Tt 

molecules depends on the cotiipa^son ;/ 

8b 
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tribution of the intensity of the scattered radiation with that 
calculated from theoretical relationships, assummg certain mter- 
atomic distances. The values given below for the distance between 
chlorine atoms in the halogenated methanes illustrate the type ot 

result obtained. 


a 

1 

H 

1 

H 

1 

1 

c 

cfci^i 

1 

c 

Cl Cl Cl 

C 

ClHCl 


Cl— Cl 
2-9S-2-99 A. 


Cl— Cl 
310-311 A. 


Cl— Cl 

= 318-3-23 A 


The distance between adjacent chlorine atoms 
etitution of hydrogen in the molecule. In cUorine 

in place of carbon tetrachloride, the (hstance between chlorme 

atoL is found to be 3-35 A. i.e since the ““S'® 

have altered in a symmetrical molecule of this sort, the bond 
distance between siUcon and chlorme must be greater than that 

between carbon and chlorine. nf 

The possibility of using electron diffraction *“ , 

moleculL structure arises from the property of P'*f ' 

in motion of behaving as if associated with charaotorist.c wav^. 

The wave-length is given by A = h/mv where ^® ^ ^s 

constant and m and u are the mass and velocity ®"; 

From this relationship the wave-length associated w.Ui -i" 
accelerated by a potential of 1000 volts is 1-2 X 10 . 

electrons accelerated through about 50,000 vo ts are '^® ' £ 

When a beam of accelerated electrons impinges “ ^®“‘ \ 
gas, scattering occurs, and if the beam then strikes a Pt^°g“P“‘® 
plate, the image produced is found to consist of an mtei se cei^tral 
spot surrounded by a series of concentric rings ; an effect n fact 
very similar to thkt produced in X-ray <^“etion by &tion 
referred to above. The radial intensity 

of the scattering produced by separate atoms an y p r 

The theoretical intensity distributions for various a^ui iedmolecukr 
models may be calculated and the model which gives the tet 
correspondence between theory and observation is 
senting the true conffguration of the molecules of 8“; 

The experimental method may be described 
detaU. The electron diffraction apparatus w mamtamed at a vmy 
low pressure « IQ-'' mm.) by efficient diffusion pumps A toe 
beam of electrons is accelerated through a measured potential of 
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the order of 50,000 volts and then crosses a horizontal beam of 
molecules of the material under examination. The molecular beam 
is produced by allowing the gas or vapour to enter the highly 
evacuated space through collimating orifices, and is condensed out 
when it impinges on a surface cooled in liquid air situated directly 
ojiposite the point of entry of the beam. The electron beam which 
has crossed the molecular beam falls on a photographic plate. The 
efficiency of scattering of electrons by matter is much greater 
than that of X-ray scattering. The exposure time is of the order 
of one second, which is much shorter than that needed in studying 
the diffraction of X-rays by gaseous molecules. The intensity 
rlistribution in the photographic plate after the exposure is measured 
by standard techniques. 

The range of substances examined by this technique may be 
judged by a recent publication of Allen and Sutton, ^ in which results 
for five hundred compouiuLs are collected. Roughly two hundred 
of ihejso an‘ simple volatile inorganic substances, for most of which 
the cliiol interatomic distances and valency angles have been 
determined. The results tabulated below are typical. 


Table 1 


ytolccuU 

VoitJtQuration 

xM’i . . . . ! 

HuCIj . . . 

I..inear 

Hi-'nr, 

binrur 

Hgi, : . . 

I.irifar 

IbXaHc . . . 

PPb .... 

Pt«'g. hfxagim 
Planar 

Si'h .... 

(i-'l't, 

'I'.CI, . . 

P. 

'rt'tnihctlral 

'r<-triihi-tlral 

'I'flr.ilit'dral 

rclralirilnil 

Pl'\ ... 

J'vr.iniidal 

( ) ! •’ 

Nc*nlitu*ar 

orL . . . , 

\on-liru*ar 

8< . 

♦ 


( '8.. 

Linear 

8f; ... 

< K tohrclrul 

NiffO), . . , 

Ti tralirdnil 


Bond dUtnnees ( a ) 


Xa— CK 2 r>l 
Hg— Cl. 2 27 
Hg— Br. 2 44 
Hg— I, 2 fil 
ii— X. 1 44 

C-Cl. 1-73; 120“ 

Si— Cl. 2 02 

(u — (’1. 2 0H 

Ti- Cl. 2- 18 

P—1*. 2 21 

P— F. l .'-)2; /_F— r— F. 104“ 

F. 1 41 ; ^o_F— O. 100“ 
(•!. 1 OS; o— Cl, 115“ 

> 1 43 ; .0- 8 -0, 120“ 

(’-8,154 
8 -F, 1-58 

X 1-82; C- O, M5 


Ihe <M^tmiate.l uncoitiiinty in ljuiul ImiKths aetoriuined bv the 
b^tmiuliirractloiimelli,,,! is iisinilly „f the nnler of ^ 0 05 v ' The 
hff.in t.on of the electro,, bean, is a function of the atomic number 

^ Acta CrysUiUographico, 1950, 3, 4 (;. 
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of the atoo. and is a 

atoms in a molecule make little positions of hydrogen 

i. i, „t p.»iN. .. 

s 5i;r-u£ — - . ' V i 

yS:Sr=L5rK:‘.^:r», s.. J. u... 

been fuUy developed , by electron diffraction, and 

The lengths of bonds as dctcri y assistance 

to a smaU extent by other meth especially in connexion 

in the developruent of theori of this approach are, 

with the idea of resonance. ^ 2 From the large number 

however, becoming mcreasm^ly app • realized that there 

are numerous deviations fro J radii of the atoms con- 

bond is given by the sum 0 dwcussed in terms of partial ionic 

cerned. Such deviations may g uuiltiple bonds. Bonds 

character in the was formerly 

of integral orders are probably muc e ^ carbon- 

supposed; only m £oj.\ictailed discussion availaU^ 

carbon bonds). of MolecuLr Structure.-Tbe .nfor- 

Spectroscopic Evidence of M ^ electron lUffractiou 

mation about molecular ^ confirmed and augmented by 

experiments may be to some ert examination of the elec- 

spectroscopic studies. Ih . . i^irture of the quantized 

t?onic spectra of molecules "ttnireucrgraud also studies of 
electronic, vibrational and ro , - afford a means of studying 
the infra-red and Raman - of molecules. It is not 

the vibrational and rotationa theoretical background of this 

proposed here to discuss either thcr to indicate by a 

LtTnsive field or P" which may be 

few selected examples the yp 

derived. „ diatomic molecules, the internal 

CJonsidcring first the case vibrational and rotational, all 

energy is of 1"™’ iu the elecdr:! «icrgy of' the 

of which are quantized. A R would result m the emission 
molecule alone, if this were possib . g ^ding to the energy 

or absorption of a single f*^?^*^*^*^ '7 .1 states. In such a 

difference between the '“^‘^iwrys simultaneous changes in the 
change, however, there arc aUva} , result in the emission 
vibrational and rotational energies. represent the changes 

or absorption of a series of ‘ ’ gtr^cture due to changes m 

in vibrational energy and have 55. 

» For a critical review, Wells. J . C . if ., 
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rotational energy. The information to be gained from an analysis of 
the electronic spectrum comprises, therefore, not only the difference 
in energy between the two states of the molecule, but also a picture 
of it-s vibrational and rotational characteristics. 

It is possible, also, to study changes in the vibrational and rota- 
tional energy ^\^thout a change in the electronic energy. The energy 
changes are smaller in this case and the resulting band spectrum 
normally lies in the infra-red. It is usually studied by means of 
ab.sorption rather than emission measurements. The study of 
microwave (far infra-red) spectra makes it possible to investigate 
rotational changes alone ; very accurate structural parameters may 
be obtained in this way. The most significant quantities which can 
be derived from this approach to the structure of diatomic mole- 
(ailes are their dissociation energies, intemuclear distances and 
vibration frequencies. Dissociation energies are derivable because 
<lisi<CKMation represents the limit to which vibrational excitation of 


the molecule can b45 extended. The dissociation energies are most 
commonly itlentified as those corresponding to the point of con- 
vergence of a .series of vibrational bauds in an absorption spectrum, 
at wliich, with iiureasing energy, a continuous spectrum is observed. 
The intemuclear distance of a diatomic molecule is derived from 
tho.se features of its spectrum which are concerned with molecular 
r«>tation. Fir-st tlic moment of inertia of the molecule is derived 


and from this, kimwing the nuclear masses, the interatomic distance 
can be <»l)tained. 

Duitohiic Molecules . — Ry way of ilhi.stration of the data obtained 
lor fliatomic molecules, the intemuclear distances {d. in a.) for 
chlorine, bromine and iodine derived from spectroscopic measure- 
ments and ch'ctron dilTraction may bo compared : 


Table 2 


.\fltlf4 ft If 


il. Jntrn 


rf. from 

electron iiijjraction 


('U . 

1 .. 


1 uu 

2 U1 

2-2S 

2-28 

2 (i7 

2-05 


Gaydon “ has tabulateil tlic dissociat ion energies of over 200 diatomic 
molccuic.s derived spectroscopically. Their dis.sociation energies, 
lepresenting tlic energy «lillcrencc between the lowest ^^brational 
level and that fur iiifmite separation of the nuclei, are most readily 

® Gnvdon, Dissociation Lnertjicn ami Spectra of Diatomic Molecules, LoudoQ» 
1U47, 
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obtained spectroscopically. The molecules for which spectroscopic 
values have been obtained include a number for w^ch thermo- 
chemical data are avaUable and the agreement is usually good, it 
may be noted also in passing that a considerable number of mole- 
culi may be produced and studied by spectroscopic techmques 
which have no stable chemical existence. These include molecu 
such as Aid, BF. BiH. CH, MgCl, OH and PO which are known to 
be, or might weU be, intermediates m cherm^l reactions. As an 
example of data for heteropolar diatomic molecules the 
of inertia (/) and interatomic distances 0) of the halogen - 

derived from a study of the far infra-red adsorption spectra, may 

be quoted. 

Table 3 


<704 


I X 10*® (g- cm.*) d. in a. 


HF 

HC1“ 

HCl” 

HBr 

HI 


1- 346 

2- 649 

2- 653 

3- 311 

4- 308 


0923 
1-281 
1-281 
1 420 
1-617 


These values illustrate the gradual increase in ^ h alo^erT 

and moment of inertia with increase in atomic weig o 
In the case of HC1« and HCl” the difference in moment of mert^ 
and the equality of interatomic distances may also be noted. X 
‘isotope ket’ has been observed in the band “““y 

molecules, each isotope registering its o^ spectrum ^ 
vibrational and rotational characteristics of the mo e j^otones 

cemed. It was in this way that the existence of t ® 

0» and 0^^ was first recognized and the difference ^^ween^^^^^ 
physical and the chemical atomic weight standar ^ 

Polyatomic Molecules . — The majority of m^olccu es nroblems 
chemist contain more than two atoms and for these p 

of studying the electronic spectrum are j pUnracter- 

inaoluble. Fortunately the vibrational and ro^ i oi„orntion 
Utica may be elucidated by studying the f U 

spectrum and the Raman spectrum. The nature o ■ -„,i:ated 
best explained by taking the simple case of a gas or ^ , 

with Ught of a^ingle frequency. If the spectrum of hght 

emerging from the medium is examined it is f*^*^*^ r>ortain 

only a line corresponding to the incident frequency, u i 

otW lines, of very low intensity. The mtei^ity of the ^r 
relative to that line due to the incident light, may be grea y 
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by pbotograpliing only tlie light emitted at right angles to the 
direction in which the incident beam passes through the medium. 

The energy diff erences corresponding to differences in frequency 
of the incident light and that of the new weak lines in the spectrum 
(the Raman lines) correspond to quanta which are, so to speak, 
abstracted from the incident light and used to excite the character- 
istic frequencies of the molecules in the medium. There are certain 
limitations to the frequencies which can be so excited and observed 
in the Raman spectrum * but infra-red and Raman spectra taken 
together give a fairly complete picture of the modes of vibration 
and rotation of a wide range of species. 

As an example of the characteristic frequencies of a relatively 
simple molecule, the possible modes of vibration of a linear triatomic 
molecule such as carbon dioxide are shown below : — 



Of these (a) represents a bending frequency, while (6) and (c) are 
respectively symmetrical and unsymmetrical vibration frequencies 
in the line of the molecule. As a further illustration of the signifi- 
cance of the characteristic modes of vibration the case of diborane 
may be mentioned (see p. 278). The problem which arises is to 
determine whether the molecule is structurally like ethane or like 
ethylene. These two molecular types have considerable differences 
in their possible inodes of vibration, largely because the double 
bond in ethylene renders free rotation about the C — C bond impos- 
sible. complete analysis of the Raman and infra-red spectrum of 

diborane gives a picture which is in accordance with the ethylene 
molecule. 

J he analysis of the infra-red spectrum of simple polyatomic 
molecules enables moments of inertia and interatomic distances to 
be calculated. Results obtained in this way are shown opposite. 

For compheated molecules it is not possible to analyse completely 
the vibrational and rotational spectra, but the infra-red and Ramon 
spectra give inipurtant information bearing on the presence of par- 
ticular bonds in a molecule. In the idealized case a particular bond 
(G.g. C H, C 0, O H) will have a characteristic vibrational 
frequency. Actually the value is modified — often quite consider- 
ably by neighbouring groups. In spite of this complication, how- 

* Sec Syrkin and Dyatkiua, Structure of Molecules and the Chemical Bond 
London, 1050. 
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ever, vibrational frequencies 

Structural determinations, particularly for orgamc moi 


Table 4 



Moment oj inertia 
g. cm.* X 10** 


70-2 
23 5 


Jnter'ilomtc 
(luitances (a) 


H,S 


5-47 

2-8 

4 - 4 

0 - 995 

1 - 908 

2 - 980 
2-08 

3 - 08 

5 - 85 


C— O = 
C— C : 

c— u 

C— H 
H— H 
K— U 
H-H 
O— H 
H— H 

S— H 
H-H 


MO 
1-20 
100 
Mi 
1-81 
102 
1-04 
1 01 
1-91 

1 35 

2 24 


table below shows the approximate W 

tional frequencies associated with a number 

carbon compounds. 


Table 5 


Bond 

C-H 
O— H 
C— C 
C— C 
C— C 


Frequerwy 

(cm.“*) 

3500-3700 

3500-3700 

800-800 

1600-1050 

2100-2460 


Uofid 

c*o 

c-o 

C=N 

CsN 


Frequency 

(cm.'M 

1550-1850 

2100 

1050 

2150 


The usefulness of this method in ^‘^^^^^'^'pectrometers tifch a 
increased by the development of mfra-icd spec 

high resolution. , av-irW-h can. in theory at least, 

Another characteristic of mo ecu . . fj^quencics of bonds is 

be derived from the study of the , 

the so-called force constant, w ■ ^tion the axial vibration 

bond to stretching. ^ ^ harmonic, 

of two atoms along the bond may be directly calcu- 

and the restoring force per umt p ^ number of factors 

lated from the vibration frequency. following figures, based on 
which complicate this picture.- but the followmfc, b 

. See Linnett. «uart. Bev. Chem. Soc.. 1947. 1. 
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the above simplified approach, serve to illustrate how the method 
brings out the difference between bonds of various types between 
the same two atoms. 


Table 6 



Force 

Bond 

constant 

G— C 

4-6 X 10-* 

C=C 

9-5 X I0-» 

C=C 

15-8 X 10-' 



Force 

Bond 

constant 

c— o 

4-9 X 10-' 

c=o 

12*3 X 10-® 

CsO 

18-6 X 10-' 


The Dipole Moments of Some Inorganic Compounds. — An 
electrical dipole is best represented as two equal electrical charges 
of opposite sign, -H c and — e, separated by a distance d. The 
dipole moment is then equal to the product d X e. It is important 
in the first place to consider the way in which the idea of dipole 
moments is of interest to chemists. Any two atoms, if joined by 
valency forces, may constitute a dipole. In the simple case of a 
molecule of sodium chloride in the vapour state, for example, the 
sodium and chlorine atoms have opposite charges and are separated 
by a characteristic intemuclear distance, so that the molecule must 
have a definite dipole moment. This will be true for any ionic 
molecule, but it may also be true for a purely covalent molecule. 
In gaseous hydrogen chloride, which for purpose of the argument 
may be taken as covalent, the two electrons which make up the 
bond will be imequally shared. The hydrogen atom has, in effect, 
a fractional positive charge and the chlorine a negative, so that the 
molecule has a dipole momout equal to the electronic charge multi- 
plied by a distance, which represents the effective charge separation 
and is less than the true intemuclear distance. Only when two 
like atoms are joined by a covalent bond will the bonding electrons 
bo equally shared. In this case, as has been amply verified from 
molecules such as Hj, O,. Ng, Cl^, etc., the dipole moment is zero. 

The actual methods by which the permanent dipole moments of 
molecules are determineil will not be discussed here. It may be 
remarked in passing, however, that the quantity is not one which 
can be measured directly. This is because polarity is induced in 
any molecule when it is placed in an electric field, irrespective of 
whether permanent dipoles are present in the molecule or not. 
The applications of dipole measurements in the study of molecular 
structure may be classified under the following two headings : 

(1) The determination of the shapes of molecules. 

(2) The determination of bond types. 

In discussing the use of dipole moments to determine the shapes of 
molecules, the dipole is treated as a vector. Carbon dioxide, for 
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example, is found to have zero dipole moment, even though it is 
certa^ that each of the C-0 bonds has a permanent moment. 
This must mean that in the molecule the two bond moments ne 
lize one another, which can happen only if the ^ ^ • 

with the carbon atom at the centre. A few similar . , 

which the dipole moment serves to distinguish e ween ^5^ 
linear structures with zero moment and non-hnear molecules with 

finite resultant moments are given below 

Table 7 


Molecule 

X 10*» 

MolecuU 

tA X 10‘* 

CO, 

HgCl, 

HgBr, » • . « ' 
Hgl| . . . • 

0 

0 

0 

0 

H^O . • • • 

SO* . . . • 

H*S . . . • 

NO* . . • • 

1-7 1-1 1)7 
lGO-l-71) 
003-110 
0-4-01 


The unit used is the Debye (D), which equals lu 
convenience of this unit will be recognized w e int-prnuclcar 

that the electronic charge is 4-8 X 10 e.s.u. an raiu'c in 

distances in molecules are of the order of 10 c ' ^ 

the values quoted reflects the variation m c m ^ accurate 
different observers using different methods. fxT^_,i-jectric con- 
experimental method involves the mcasuremeu o accurate 

stint of the vapour at a series of temperatures : 
but more convenient, methods involve mice am i- . 

The above argument for linear molecules may be 
configurations. The data given below for -'f 

molecules, for example, show a resultant ammonia 

the existence of a symmetrical planar iiyarogen 

the nitrogen atom is at the apex of a pyramid tiinole 

atoms art at the corners of the base. The u C 

vectors at right angles to the plane of the base 
other molecules have similar pyramidal configur 


Table 8 


MoUctile 

1 

/i X 10*' i 

1 

MoUeidt 

NH, .... 

PH, 

AsH* .... 
PCI, . . . . . 

PBr. .... 

1 

1-48 

0-66 

010 

0-85 

0-61 

, „ 2 00 

a'’p? ■ ' ■ . 200 

AbCI, . • j.yQ 

■ 0-96 

; Afll, 

1 

1 
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Molecules of the type AJB 4 {e.g. CCi 4 , SiCli, SnCl 4 , TiCl 4 , SiH 4 , SiF 4 
and Ni{CO) 4 ) are found in most cases to have zero resultant dipole 
moments, and are then believed to have tetrahedral structures, 
resulting in complete cancellation of the constituent dipoles. A 
great deal of attention has been devoted to the more complex 
problem of the dipole moments of larger organic molecules, for the 
determination both of valency angles and of bond types, but the 
discussion of this field lies outside the scope of this book. 

The general conclusions as to the configurations of the molecxiles 
discussed are in agreement with the results obtained by methods 
such as electron difiraction. Quite apart from problems of con- 
figuration, dipole moment measurements also give important 
information on bond tj'pes. That this should be possible in 
principle follows the definition of the dipole moment as the 
|>roduct of the electronic charge and a distance, which is equal to 
the internuclear distance only in the case of a purely electrovalent 
bond. If a molecule of HCl, for example, were purely electrovalent, 
the dipole moment would be the product of the electronic charge 
(‘1-8 X 10“^® e.s.u.) and the internuclear distance (1-28 x 10“®cm.), 
as determined from the infra-red spectrum. This gives a value of 
G-14 X 10“^® (or G-14 D). The observed moment is 1-04 D. If the 
actual structure of the molecule be regarded as a combination of 
the ionic structure and the covalent structure with zero dipole 
moment (which iu fact is not correct), the ionic character of the 
bond may be expressed by the ratio l’04/6-14, or as 17 per cent 
eloctrovaient. By this approximate method the following estimates 
of the ionic character of bonds have been made : ® 


IUn\d 


H V 
H Cl 
H — Ur 

H — 1 
(5e -Cl 
(Ii! — Br 
8n - Cl 


'l able 9 


litirul 

Ionic 


Bond 

Ionic 

tnoiHi'ttt 

<I>) 

ihitrui'tcr 

O' 

. 0 

Bond 

moment 

(D) 

cJtaraeter 

% 

1 91 

4:1 

Tb— Cl 

41 

34 

1-ot 

IT 

1*1.— Br 

40 

31 

(i-Ts 

11 

rb-I . . 

3 4 

25 

0 :is 

5 

-\a— 1 . . 

4-9 

35 

20 


K- Cl . . 

0 3 

47 

•>.•> 

1 

\\\ 

0 — 

M 1 

K- 1 . . 

0 3 

44 


Magnetic Susceptibility and Chemical Constitution.— Mag- 
netic measurenu'iits are of importance in solving problems of 

® lhc.se data are quoted from an artiele by Snivth in Frontiers of Chetnistry, 
vol. 6 (Intcrscience Bublishers, New York, 1948). 
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molecular structure and bond type because they afford a means of 
detecting the presence of singly-occupied electromc orbits. Retore 
proceeding to a review of some of the applications of such measure- 
ments, however, it is necessary to outline the relationships between 

magnetic properties and electronic structure. 

When a substance is placed in a magnetic field of strength 
B gauss, polarity is induced in the atoms or molecules Present. 
If the intensity of this induced magnetization be / the 
netio flux is given by B = // + 4.-.7. The ratio B//7(= s cabled 

the magnetic permeability of the medium and the quan l y / ( 

its volmne susceptibiUty. Dividing the expression for the magnetic 

flux throughout by By the equation // — 1 + 4zrK is o : 

a vacuum B = H : there is no induced magnetization and the 

susceptibility /c = 0. In any other medium k is ei i ^ 
when the medium is said to be paramagnetic, or nega * . 

is diamagnetic. For the discussion of chcmica pr • , 
susceptibility per gram molecule is of greater \aue 

susceptibility per cubic centimetre : this is given by xm ^ 

" A^paraL'^etttwnce increases the Bux due to ‘he^appUod 

field alone, whereas a diamagnetic substance rpanetloii in 

convenient to consider first of all the reasons for 

the case of diamagnetic substances. Diamagne isin ar s ■ 

interaction of the applied magnetic fie d with the 

orbits of the atoms of the medium. It is 

discuss the detailed physical picture ; the result is a 

of the magnetic field due to the induced polanty m ea ,„aanctic 

medium is opposed to that of the appUed ficl an is 

flux is thereby reduced. The magnitude of ‘l‘-niagnet^c eftccts^is 

small. It is independent of temperature ecaus or 

polarity is the same whatever the orientation of the atoms 

molecules with respect to the applied field. other 

The atoms or molecules of a paramagnetic ^^bstance o the ot^ 

hand have permanent magnetic moments an ’ • (listurbed 

become orientated in an applied field. This onen a 

by increase in temperature and remembered, 

18 accordmgly temperature dependent, it WwIupp*! nolaritv 

however, that even in a paramagnetic substance ® . yyi^gtances 

which has been mentioned as characterizing diainag compared 

wiU again be operative. Its ma^itude however is ^—r^* 

with the permanent paramagnetic moment. normanciit 

opposed and the nett result is always that the 0“*^“ annlied field, 
moments in the medium augment the flux due to PP 
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leatUiig to a positive value for the susceptibility. For a very 
restricted group of substances another phenomenon, known as ferro- 
magnetism, occurs, leading to positive values of the susceptibility 
which are ver}’ large compared with those for paramagnetic sub- 
stances. Ferromagnetism is generally considered as arising from 
orientation of whole domains each of which behaves as a magnet, 
and is thus not directly related to the topic under discussion. 
Paramagnetic substances at low temperatures do, however, show 
a behavdour which corresponds to ferromagnetism. The tempera- 
ture dependence of paramagnetic susceptibility is expressed by the 

Q 

emi)irical Curie law y = where C is a constant, or more exactly 


by the CurioAVei.ss law y = ~- 


C 


-. The term A may be inter- 

i — A 

preted as re])resenting the nuitual interaction of the molecular 
nuigiifts. It lias tile dimensiDii.s of temperature and may be 
pnsitivf or negative. ^\ hen it is positive tliere will be a certain 
valui* of T at which tlie susceptibility becomes very large. This is 
known as tlie Curie point ami may be interpreted as the temperature 
at which the molecular orientation is maintained against the thermal 
ai/itation. 

It is possible to proceed a stage further in the interpretation of 
paramagnetism. .\n electron circulating in its orbit, or spinning 
about its axis, amounts to a circular electric current, and as such is 

ef]uivalent to a. magnet with a moment //„ = — In a doubly 

4.-r»ic 

(•(•(‘upied orliit. however, this magnetic moment is compensated by 
tie- e(jua! and oppusite inoijuuit of the second electron, wliicli must 
on the I'.iuli principh* ha\e the oppo.site angular uiomentuin. We 
may thus identity the elementary magnet of paramagnetic atoms, 
and nioleeides with tlie magnetic elTcct of unpaired electrons. 
It iollow.s that ordy thos(' atoms, ions or molecules containing 
ineoiiiplet,' eleetron shells witii unpaired electrons should be para- 
magnetic, and that the magiu'tii^ moment of paramagnetic ions 
shouhl be expressilde as a multiple of the unit above. This 
latter unit, known as the Rolir magneton, lias the value 5564 gauss- 
cin. for one gram nioleeule. 

.V number of theoretical exjiressions have been advanced to 
represent quantitatively the magnetic moment of paramagnetic 
ions in terms of their atomic structures. Thus, for ions of the 
traiisiti(.in mitaLs, the expi.-ssion (the magnetic moment in Bohr 

magnetoiis)^ - V^4N(6’ 1) -j- 1{L -p 1), where S is the resultant 

spin {i.e. 2N = number of unpaireil electrons) and L is the resultant 
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angular momentum, should be approximately true. In this case 
the contribution of the orbital angular momentum is, however, 
negligible. This is because, in the transition metal ions, the mcoin- 
plete shells are also the outermost shells. The mteraction of other 
ions in solution or in crystals is sufficient to cancel out the ^ 
the greater part of the orbital magnetic moments. ^ 

magnetic moments are approximately represe nted by consi erm^ 

the electron spin only, i.e. = 2\/iS(N + 1). The ? 

magnetic moment as calculated for spm only ® 1 n 

progressively filled is shown in Fig. 25, which f " 

magnetic moment found experimentally for typica comp • 
the transition elements due to the presence of the metal ion. 



compounds considered are simple salts and oxides such ^ " 

MnS0*.4H,0 and Cr ,03 : in the complex salts of 
the magnetic evidence shows that far-reaching rearrario i 
electronic levels take place, so that compounds sue i ‘ , 

mine cobaltic chloride, [Co{miMOK and potassium 
K,Fe(CN).. are actuaUy diamagnetic. The 
striking phenomenon is deferred to a la^r section (p- ) 

the constitution of the complex salts is discusse . . r 

In the ions of the rare earth elements the inagne^ib yjielLs 

the filling of the 4/ shell. As this is screened hy the Oi an / ’ 

the magnetic moment is not given by angniur 

spin only. It is necessary to take count also of t , . i t „ ym, 
momentum. The experimental values and those ca c V 
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Vleck are reproduced in Fig. 26. The magnetic moments of ions 
of the actinides (see p. 403) are less well known but they appear to 
parallel those of the rare earth ions with corresponding electromc 
configurations. 

The use of magnetic measurements to determine the number of 
unpaired electrons is subject to certain limitations, as has already 
been indicated, but is, nevertheless, useful in a number of cases. 
A very simple illustration is afforded by ma^etic measurements on 
copper salts. Cuprous salts are diamagnetic, which co nfirm s that 
copper has the configuration and uses the single 5 electron in 
the formation of cuprous compounds. In cupric salts, which are 
paramagnetic, an additional electron is used in bond formation, 
leaving 9 d electrons in the ion, one of which must be unpaired. 



La-’* Ce^* Pr^* Nd-** U Srr.3* Gd-J* Ho3+ Er3+ U-** 


Fio. 20. — Magnetic moments of rare earth ions. 

Reference is made elsewhere to so-called ‘ odd electron mole- 
cules ’, of which nitric oxide is an e.xcellent example. In this case 
there are in the inolecule fifteen electrons, so that it is impossible 
for all to be paired. In accordance with this view, nitric oxide 
is paramagnetic. The molecule NO 2 has also an odd number of 
electrons and is paramagnetic, whereas the dimer, N 0 O 4 , is, as 
would be expected, diamagnetic. Chlorine dioxide is another 
example of a molecule with an odd number of electrons w’hich is 
paramagnetic. The molecular susceptibihties of these paramagnetic 
molecules are about 1100 x 10 “® e.m.u., the theoretical value for a 
single electron with an unc!oupled spin being 1300 x 10 “* e.m.u. 

This approach may occiisionally be of value in deciding between 
the single and double formula for a compound. Silver and sodium 
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hypophosphates, for example, Lave the empirical formulae NaHPOg 
and AggPOg, but if these were the true molecular formulae the 
compounds would be paramagnetic. In fact, both salts are dia- 
magnetic, so that, in accordance with other evidence, the double 
formulae must be adopted. In the same 

way Fremy’s salt, a yellow compound of the formula (KSOglgNO, 
is iamagnetic in the solid state, although on the single formula it 
should be an odd electron molecule and paramagnetic. This shows 
that in the solid the formula must be doubled. Its solution, how- 
ever, is deep blue in colour and paramagnetic, indicating tliat 
dissociation occurs : 

(KSOgl^NgO, ^ 2 (KS 03 )gN 0 

ydUno Hue 

diamagnetic paramagnetic 


CHAPTER VI 


CO-ORDINATION COMPOUNDS AND INORGANIC 

STEREOCHEanSTRY 

In the chemistry of the metaUio elements few generalisations 
have proved so fruitful as those based upon the study of molecular 
compounds i.e. of those compounds formed by the umon m 
stoicheiometric ratio of otherwise saturated molecules themselves 
c^pabrr^lpendent existence. As examples of such molecu ar 
XpoLds may be cited the highly characteristic ammomates 
of trivalent cobalb-^.ff. Co(NH3).Cl3 : the numerous Comdex 

eyamdes-e.3. K.re(CN). or 4 KCN.Fe(CN) 3 ; the alums^.j. 

NH AlfSO^U 12HaO — and the many other double salts. 

It is not necessary to consider the various older ^ews upon the 

constitution of such^molecular compounds, such as those associated 

the nL..a of Blomstrand and Jorgensen smce the ^-ordma^ 

tion theory of Werner has proved far-reachmg in its scope, ana 

has been My substantiated by both chemical and physiol evidence 

Aecordh.rto Werner, without invoking any special theory of 

valency Lutral molecules or oppositely charged ions are gfooped 

or co-mdinated around a central ion m the 6rst sphere of attraction . 
or CO orainot^aiu number of groups which may be so 

or co-LiZnon number, and is 

arranged about the c^tral ion is the co-ordination 

a characteristic property of that i ’ ^ . P ov allow of 

"“iiir™ .. si-w s Si"? : r.d 

Sis- ’S* «i.» 

Z r M.p.n<l.nt .ilon. Th. “r,i“ 

,b.,.b, . „.,ta 

A great many molcc P formulation, which 

belo^ definite chemical combination 

'b“twe“; The co-ordinated groups and the central atom. In order 

103 
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to delimit its applicability, and to avoid artificiality in its applica- 
tion, it is desirable to define more strictly the conception of a 
molecular compound. The criterion of this may well be the 
persistence of the molecular compound, as a co-ordinated complex, 
in solution. The X-ray study of crystals has shown that the 
crystal lattice may in certain cases contain units which are not 
combined in a chemical sense, but which, by crystallizing together 
in stoicheiometric ratio, form a new lattice with, presumably, a 
more compact structure and lower lattice energy than would be 
formed by either constituent alone. On the dissolution of the 
crystal, the units part company, and the stoicheiometric ‘ com- 
pound ’ ceases to exist. Such combinations, forming as they do 
a unique and stoicheiometric crystalline phase, may be termed 
lattice compoundji, and to this class belong many compounds which 
can be accounted for only with difficulty on the Werner theory, 
or which would involve unusual or imsymmetrical co-ordination 
numbers. Thus ca>.sium chloride forms wth cobalt chloride a double 
salt of the formula CsjCoClg, in which cobalt apparently has the 
co-ordination number 5 , which, apart from covalent compounds 
(PGl^. IFj) and the isolated case of iron pentacarbonyl, Fe(CO)5, is 
unknown. The crystal structure of CsgCoClg shows, however,' that 
in the lattice there exist independently both 00014®" and 01 “ 
anions ; in solution there is no evidence for the persistence of a 
('0CI5® ■ anion. This compound should therefore be regarded as a 
lattice compound of CS2O0OI4 -|- OsOI, existing only in the solid 
pliaso. Nevertlicless, it does appear from the crystal structure of 
(NH4);,[ZrF7] ~ and K2[TaF,] ® that complex anions involving the 
co-onlination number seven are capable of existence. The alums 
an<l nunicrous other <loul>le salts belong, however, to the class of 
lattice compounds. The alums, from their crystal structure, are 
known to bo built up of alkali metal, [ and SO4®” ions, 
the last two of which may well be cemented together in the solid 
phase by the additional water molecules, as is discussed in a later 
section. In solution, however, each ionic species is independent, 
the whole forming only a lattice compound. A great number of 
double salts belong tc> this type, and also many addition com- 
pounds involving neutral molecules — e.g. the water-rich hydrates 
of many alkali m<“tal salts, and also many organic molecular 
compounds. 

The (li.stinction between the lattice compounds and the true 
molecular complexes is rather well illustrated by the contrast in 

' rowrll and WeUs, J.('.S.. 1035, 359. 

2 G. C’. Ilainpson and L. Paulinjr. J.A.C.S., 1938, 60, 2702. 

» J. L. Hoard, J.A.C.S., 1939. 61. 1252. 
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properties between the brown rhodium alum CsRh(S 0 j 2 . 12 H 20 
Ld the red double sulphate Cs[Rh(SO,),].4H ,0 which is formed 
when solutions of the alum are evaporated. That it contains a 
true complex anion [Rh(S0,),]' is shown in that its solution gives 
no imme^ate precipitate with barium chloride, whereas the alum 

shows all the reactions of the sulphate ion. 

Of the true molecular compounds, which exist also m solution, 

two limiting types may plainly be recognized: 

(a) Those compounds, such as the ammoniates of metallic si Its 
—e.g. CoC 1,.6NH3— which are reversibly di^ociated into their 

components either in the soUd phase or m solution, 
therefore the linking of the constituents is but loose. These arc 
termed by BUtz * normal complexes. To them may be ranked .1 .so 
many complex anions, which undergo similar dissociation . e.g. 

KjLCdfCN),] ^2KCN + Cd(CN)3 

2K- + [Cd(CN)J" 2K‘ + 2CN- + Cd" + 2CN- 

(6) Compounds which afford no evidence of revemible dissocia- 
tion in wWch the co-ordinate hnkage is mdistmguishable 
and directional properties from a normal covalency. Such Mill 
nlexcs termed by Biltz ■penetration complexes, are exemplified by 
?he hexaiLnine cobaltic cation [CofNH,).?* and the ferrocyamde 

SrifS’ ither thin E’ divisions. Some evidence as to 
Srelftiv? stability and the step-wise ^ssociat.on of some typical 

i«me detail the experioieetel eeidenec. teletii.g ‘j® 

cobaltammines, upon which the co-ordination ‘^e^y is 

the presence of ammonia and ammonium salts, cobaltous salts 

are readUy oxidized by atmospheric oxygen, 

conditions! mixtures of a number of cobaltic salts fmtamiug 

ammonia. Amongst these is an orangc-ye o , with 

luteocobaltic chloride, having the composition ^ 

silver nitrate this salt ^n jilting Te 

a nitrate of tbe composition V 

solid salt with concentrated sulphuric aci , ^ 

displaced, but “similarly, concentrated 

ryZrotVcKIbo “rc‘tl\o decomposition. Hot caustic 

‘ W. Blitz, 2. anorg. Chem.. 1927 1 6^ !;C®'iu.l>ly the ali.ior.naUy smaU 
•The term penetration complex w used \ ^.J,rnt>oundfl See v. 160* 
molooular volumo occupied by ammonia m each compounds. p. 
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alkalis decompose the compound with formation of Co^Og, but 
moist silver oxide yields a solution of a strong, very soluble base, 
wliich absorbs carbon dioxide from the air, and re-forms salts of 
the general formula C0X3.6NH3 on treatment with acids. The 
persistence of a strongly boimd unit, [Co(NH3)e]”*, throughout 
the reactions is clear, and it must be inferred that this unit forms 
a complex cation, so that the luteocobaltic chloride should be for- 
mulated as [Co(NH3)3]Cl3, and is systematically named hexammine 
cobaltic chloride. In agreement ^vdth this, the Van ’t Hoff coefficient 
i has been determuied cryoscopically as 3*9— i-2, and the equivalent 
conductivity /I1024 = 432. This, as may be seen by comparison 
with Table 1, accords with the value expected for a salt dissociating 
into four ions. 

Table 1 


Salts forming tu'o ions Salts forming three ions 


Dilution 

1 xVaC7 

KCIO, 

AgyOt 

BaClt 

MgBr, 

KfSO^ 

1 

! A 

A 

A 

A 

A 

A 

128 i 

113 

122 

126 

224 

215 

246 

25(5 

! 115 

125 

128 

237 

223 

257 

rd2 

117 

12G 

130 

248 

230 

265 

1(124 

1 US 

1 

127 

131 

200 

235 

273 


Salts forming foui 

' loru 

Salts forming /ive ions 

/a/ Utinu 







AH 7, 

r-fCi, 

IC,Fe(CX), 

A'.FecCiV). [ri(yn,u]ci 


.1 

A 

A 

A 


A 

i2M 

342 

3(i(i 

372 

432 




371 

3s 1 

307 

477 


433 

512 

3;*3 

333 

418 

520 


485 

1 ' '24 

413 

40S 

435 

558 


623 


A secolul salt obtiiinalilo liv the oxidation of cobalt chloride in 
presence of amiiu.iu.i is tl..- eompound CoCI3.5NH3.H2O, long 
known as roscocolntll -.i- r/dnrulc. From this there may be made 
otlier a suipliate C.'jSO.da-lONHg.OHgO, a chlorplatinate 

C.02{1 t( Iglj. 10^113. 8H 2( ). < ti-. On dehydration at room tempera- 
tur(% tliese salts lose 3H^() ntid GIIoO*, respectively, whereas the 
rhloride suffers no loss of water, indicating that in all of them one 
molecule of water per atom of cobalt is diflereutl}% and more firmly, 
bound than the rest. Since this molecule of water, in company tsuth 
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5NH3, appears in all tlie salts, it is to be inferred that it is a con- 

stltuent of a complex cation, exactly analogous to 

the hexammine cobaltic cation, but with one molecule of ammonia 
replaced in the co-ordination shell itself by a molecule of water, 
thereby maintaining the co-ordination number G. Roseocobaltic 
chloride is therefore termed aquopentammme cobaltic chionde. 
This view is completely substantiated by the chemical properties 
of the salt, since all the chlorine is immediately precipitated by 
sUver nitrate, whUe A, 024 = 39 ^> that the salt dissociates mto 
four ions. Finally, a distinction is drawn between the water ot 
crystallization of the salts, which is readily lost over sulphuric acid 
at room temperature, and the more tenaciously 
water. This last molecule may, indeed, be removed at 100 , but 
by its removal a new salt with different properties is produced. 


2AgCl -f CoCHNOslt.bNH 


Co(N 0,)35NH,.H,0 -1- SAgCl 

-o’. 



roseo 

CoCU.5NH,.H,0 


heat at 100 * 



AgNO, cold 


dll. NH, or 
lK>t H,0 


purpurco 

CoCl,.5NH, 


A, 0,4 = 394 


A 



The salt obtained by dehydration of aquopentammiiic cobaltm 
chlmidet l“ovea" to Z identical with, the purpureocoba^^^^^^ 
chloride C0CI3.5NH3 produced by the direct oxidation ^ 

cobalt salts. In to compound, it w^ ver^ in 

two chlorine atoms differ from the third, since si 1870 ) 

cold solution, precipitates only two atoms of ’ 

leaving in stoion a salt from which the ^ ^ 

precipitated slowly on boiling. Simlarly, with 

acid forms a sulphate C0CISO4.5NH3, whic oe • 

sUver nitrate. 4ce the equivalent conductivity shows that the 

piupureo chloride dissociates into three loiis, 1 

inertness of the third chlorine atom is to be 

incorporation in the co-ordinated complex, formmg a new tyiie 
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complex cation, related to the hexammine cation 


[Co(NH 3 )g] 3 + by the replacement of one neutral molecule of ammoma 
by a negative chloride ion which is not dissociated off electrolytically. 
A\Tiile maintaining the co-ordination number 6 , the entry of a 
negative ion into the co-ordinated complex has the effect of reducing 
by one unit the nett cationic charge, making the whole bivalent. 
On Werner’s nomenclature, the compound is named systematically 
as a chloropentamminc cohaUic salt. 

The place of the chloride ion inside the complex may be taken 
by other anions, which may be introduced in general by one or 
other of two reactions : 

(a) The displacement of water from the corresponding aquo- 


pentnimnine salt by heating above 


[Co(XH3)5H20](N03)3-> Co 


100 ' : e.g 

(NH,). 




’(NO3) 


a 


(NO 3 ). 


(//) From aquopentammine salts in mihlly acid solution, especially 
witli tliose anions with a strong tendency to complex ion formation 

—e.g. CNS' 

QOctio 

[C..(NH3),H30]Cl3 -p KCNS [Co{NH3)3(CNS)]Cl3 + KCl 

Ionization Isomerism. — It is important to note that in certain 
«'jisos (lil»asit.- acid radicals may occupy only one position in the 
cc)-uiilinat('<i complex. Thus, by the action of concentrated sul- 
phuric acid upon chloropentamminc cobaltic chloride, an acid sul- 
phate is ol)taiucd having the composition CoSO4.SO4H.5NH3.2HaO, 
in wliich tlie bisulpliate group alone may readily be exchanged for 

other acids. Tiii.s leads to the formulation ^Co^g^®^®Js 04 H. 2 H 20 , 

^\hich Mibstantiaterl by the equivalent conductivity of the 

corrcsj.undim; bromide, = 114, indicating dissociation into 

two joiis only. W hile oceupying only one co-ordination position 

and being un-ionizc<l, the SU4 gnnip neutralizes two of the ionic 

c large.s upon the cobalt, making the wliolc complex ion univalent. 

Other dibasic acid.s may behave .similarly ; thus, by the action 

01 oxalic acid on aquopentammine cobaltic salts, an oxalatopentam- 
inme .senes is formed : 


H.,() 


(804)3+ 21 1.,(;304 


= + 2 H ,0 

The existence of salts of the type described opens up the possibility 
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of a new type of isomerism which, does, in fact, occur, and \\hich 
Werner termed ionization isomerism. Thus, the violet red sulphato- 

pentammine bromide is an ionization isomer of the 

violet bromopentammine sulphate ^Co^g^ 

Salt Isomerism.— A second important tj'pe of isomerism occur- 
ring in the acidopentammine series is that termed salt isomerism, 
which is associated with the potential existence of isomeric forms 

of the acid radical bovmd within the complex. 

The oxidation of ammoniacal cobalt sulphate with nitrous gases 
leads to the formation of a browmish-yellow salt xanthocobaltic 
sulphate, Co(N 02)S04.5NH3, which is stable towards mmeral acnis, 
and which is converted by dilute nitric acid to the mtrate 
CofNOaKNOala.SNHg. The corresponding clilonde has 
and so dissociates into three ions, implying th^t^he xanthocobaltic 

salts are the salts of a complex cation ®J, containing a 

An isomeric salt may be prepared by treating a neutral solution oi 
aquopentammine cobaltio chloride with soibum nitrite A reddish- 
cUmoLs coloured chloride, Co(NO,)Cl,.5NH3^s thus obtained, from 
which a scarlet mtrate Co(NO,)(N03)3.5NH3 is precipitated by 
means of ammonium nitrate. That these are also salts of a cation 

r is confirmed by the equivalent conductivity /liosi = 2o8 

kr the chloride. The red salts are, however, unstable, and are 
immediately converted by the action of warm mineral acids or 
more slowly in aqueous solution or in the solid state, ^ 
the xantho scries. The relation between the two series is summar- 

ized in the table on the next page. rrmnn 

The only apparent seat of isomerism is in the —NO 3 group, 

which might-M in the organic nitrous ester^and nitro compounds 
-react either as - 0 -N= 0 , or as -N^^. Such isomerism is 

not known amongst the inorganic nitrites. The 

the more stable series, and arc ye low in 

mine cobaltic cation, in which only nitrogen a . 

the cobalt, Aquopentammine cobaltic chloride [Co ‘JCI3 

and nitritopentammine cobaltic chloride [^Co^Q^^^jcij, m both 



no MODERN ASPECTS OF INORGANIC CHEMISTRY 


of wliich. cobalt is undoubtedly linked to one oj^gen atom, are 
red. Hence, reasoning both from colour and from stability, the 

nUritoperUammine salts, j^Co^^|^Q®JXj, 

and the xantho salts as nUropentammines, In all 

cases, the nitro compounds are the stable isomers. 


red salts are regarded as 


C0SO4 -I- NH3 + N2O 


[CoWso. 



scarlet ; unstable. 


yellow-brown ; stable. 


Salt isomerism might be expected to occur also with thiocyanato 

compounds, in which either the true thiocyanato ion, — S n=V T 

or the t^othiocyanato ion, — N=0=S, might be involved. Such 
isomerism does not occur, however, although compounds of both 
types are known. In cobaltanimines, the group is invariably present 
m the isothiocyaiiato form, since hydrolytic oxidation with chlorine 
leaves the nitrogen still attached to the cobalt atom, in the form 
of an ammonia molecule : 


■Co(NH3) 

H 3 O 




Cl 


KCN.S 4- 


acetk acid 




[Co(NH3)6]Cl3 + COa + H3SO4 
In chromium compouiuls. on the other hand, the normal thio- 
cyanato ^oup IS present, since on » similar treatment —SON is 
replaced mside the complex by Cl : 


r e,(NH3)3l 

_ ^ SCN 


ci. 


[c, !»;.>.] 


Clg + NHg + CO 3 + H 3 SO 4 


Disubstituted Complexes. — In harmony with Werners con- 
ception of the equivalence of the co-ordination positions, it has been 
seen that complex ions of the ty^o [CoA^B], where A is. e.g., NHg, 
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and B may be either a neutral molecule such as H2O, or an acid 
radical, exist only in one form except where salt isomerism occurs. 
The substitution of a second group, giving a complex of the t^e 
rCoA.XY], must lead to the possibility of steTeoisoniensm, and the 
number of isomers formed should indicate the spatial arrangement 
of the groups. Of the three possible arrangements of six equivalent 
points (Pig. 27), both the plane hexagonal (i) and the 
matic (ii) arrangements should lead to three isomers of [CoA^A Y J, 
in which X and Y occupy the relative positions 1,2, 1,3, and 1,4, 
respectively. A regular octohedral arrangement (lu) leads to two 
disubstituted products— 1,2 and 1.6— and only two trisubstitiited 
products [C0A3X3] (Pig. 28). Experiment shows the existence of 
two stereoisomers in each case, and fuUy confirms Werner s theory 
of the octohedral arrangement of the 6-co-ordmated complex, as 

will be seen. 

(ii) 


(i) 




(iii) 

I 


2 




traas 


[Co A4 Xj 


X ^ 

A3 X^ 


Fio. 28. 


“ 3 = 5 =.=:==:: 

mine cobaltic salt. Thie reacts read.ly w.th aode, 

whereby the carbonL gro’up is replaced by other ac.d radmala : 
rCo(NH,)XOa]N03 + 2HX — > [Co(NH 3 ) 4 X 2 ]N 3 + a a 
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by the oxidation of cobaltous salts in the presence of sodium 
nitrite, or by the action of sodium nitrite and acetic acid upon 
[Co(NH 3)5N02](N03)2. This croceo salt is orange-yellow in colour, 
and has A 102*= 88. That both flavo and croceo salts are nitro 
compounds is showm by their stability towards acids. Hence, 
since both salts dissociate into two ions, their differences must be 
attributed to stereoisomerism. 

The same type of isomerism is shown in the dinitro-diethylene- 
diamine cobaltic salts, the reactions of which show, indeed, that 
two isomeric series of all disubstituted complexes may be prepared. 
The complex compounds formed by ethylenediamine, 

NHg.CHjCHj.NHa (abbreviated en), 
which fills the place of two molecules of ammonia, exactly resemble 
the ammincs. In general, the introduction of ethylenediamine 
increases the stability of the compounds. The relation between 
the stereoisomeric series of compounds is shown by the following 
series of reactions ; 


^Co /\rQ*\ brmon, flavo series 


cone HNO| 


T 



L on. T V KOH P n r on T 


[Co 


bnght red 

NaNO, + AcOn 

]no. 


CDj 

(ONOh . 

red browni nilrito 
romvound 


reddish brown 

NaNOi + AcOH 

t 

(on 6)J^^“ 

l/elU>io-redp nilriio 
comvound 


(no:)Jno, 

/>rown, 

Jin VO series 


^''(NO,)Jn03 

yellow^ 
croceo series 


The Determination of Confij^uration. — Determinations of the 
coniiguration oi stereoisomeric series depend on the fact that 
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bifimcfcional groups, such as etliylene diamine or the oxalate ion 
(caUed by G. T. Morgan * chelale ’ groups, after the Greek a 

crab’s claw), can, from considerations of moleci^ar dimensions, 
span only cis, or 1,2 positions. Hence, provided that no intra- 
molecular change of configuration occurs durmg reaction, tne 
isomer which is capable of reacting with a chelatmg group, or 
which is formed by displacement of such a group, must belong to 

the cis series. • t ii i. * 

The appUcation of this reasoning to the isomeric dichlorotetram- 

toine cobaltic salts is summarized m the followmg series of 
reactions : 


r y-t (NHa)4Tr'i 

dll. HCl 

r (NHa)*"! 
1 CofH-»0) 1 

CO. P' ~ 


L Cl J 


dll. H,SO« 




I 


H»SO, + HCl 


NBt 

t (NH,)4-l 
Co(H»0) ISO 4 

OU J 


i 

[Co<NH=)‘]c 


BftCU 


(/rccft, pracfr.o saU 


UNH.) 



/ 


r (NHa)*"! 

I Co(H,0) JCl: 


biu€-vioUU, video 
sale 


cone, HCl, — ISO* 


CIS series 

In this case, the determination of configuration involves the 

r OH ’ 

binuclear complex r(NH 3 ) 4 Co<^^^^ Uo(NH3)4 

• -r j. nifo of w«itor iiitrocluccs HU ucici 

m the aquopentainuune salts, the loss of a 

radical iito the co-ordinated complex, so by the deh> drat. on oi 

^ /XTi.J \ 1 

a polynuclear 


(SOjla- Jnst as. 




cte bydroxo-aquo salt, such as 1 J 



lU MODERN ASPECTS OF INORGANIC CHEMISTRY 

complex is formed. We may regard the di-ol octaiyimhie dicobaUic 
sulphate here formed as being constituted exactly analogously to the 


ethylenediauiine compounds, with the group (NH 3 ) 4 Co<^^^^ act- 
ing as a chelating group, and filling two co-ordination positions 
around the second cobalt atom. In principle, therefore, it does 
not differ from the other chelate groups already referred to, so that 
the violeo chloride obtained by fission of the binuclear complex 
must belong to the cis series. It is important to observe, however, 
that the action of concentrated hydrochloric acid upon carbonato- 
tetrammine oobaltic cldoride, except under extreme conditions, leads 
to a change of configuration ; alcoholic hydrochloric acid jdelds a 
mixture of video and prasco chloride, while the violeo chloride 
itself undergoes slow conversion to the praseo compoimd in the 
presence of hydrochloric acid. 

The validity of these stereochemical deductions from the octo- 
hedral theory is nut peculiar to cohalt, as is shown by the existence 
als<,) of isomeric series of G-co-ordinate compounds of chromium, 
platinum and iridium. The reactions of these compounds indicate 
the same sort of cis-lrans isomerism as has been seen to exist in 
the cobaltammines. 

Thus, by the action of ethyleuediamine upon potassium chromi- 
thiocyanate, there are formed two compounds of the formula 

t’NS, which arc shown by the following sequence of 

reactions to belong to the cis and the trans series, respectively.® 
It may lie .seen that tin- deeper coloured scries gives rise both to 
till* «li ol jx'lynuel'Mf >alt. and to an oxalato derivative. Hence, 
the cojiipounds of this serit*s are shown unequivocally to be the 
1.2 coinpouml.s. At the .same time, the possibility of configura- 
tional changes Is demonstrateil. It will bo seen that the trans- 
diaquo .'<alt changes spontaneously into the cis compound in solution, 
whereas the rev«-i.--e ehange is brought about by evaporating the 
cv.s-dicliloro complex to dryness with mercuric chloride. This 
< hange is brouglit almTir. wit liout »loul>t., bv the greater insolubihty 
ol the //‘{i/<A-diclil> T" iliri hyl<-neiliamine chromic mercurichloride. 
In the al»sence ol nu leiirie elihiri<le the two tbchloro complexes 
may be heated with hy<lr'ichIoi io ackl, or in the solid state at 
, without any sign iil interi-on\ei‘sioii. The alternativ'e course 
ol I'limination of eth\|. in-,liamiin- from the triethyleuediainino- 
cliiomic ehlori<le and t hi< ny.inatie n-spectivelv, is also noteworthy. 

T'riacidotriammine Cuniploxes. —In tlic foregoing sections, 

8 PlVitVer. Per., 10o4, 37, 4205. 


Cr 
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[Cr(SCN),]K, 


[Cr en,](SCN) 


[ 



e& 


beat 


Cr 

, I 

reddi«h-oTange 
ECNS 


‘"'ll 

(Cren,]Cl.n[Cr"c1;]Cl 


ovaporate 
UgCI, 


[c^(scn)Jscn 

ydlow-oraTtge 

!"■ 


Ko*.] 




Cl 


HCl 


violet 
heat 


Cl, 

grttn 




11 



no formation 
of anoxalato 
salt 


orange red 
liyridlne^T HCl 


brovmieh orange 
pyildioe^l^HCI 


r T 

r 1 

Cr(H,0) Cl, 

Cr(H,0) 

L OH J 

L OH J 


r i 

I ent 


wine red 
heat 

/okv^ 

Crv ^Cren 


fiesh pink 


heat 

< • 


N)H^ 

CIS seriea 



no formation 
of di-ol salt 

TRANS series 


acidopentammine and diacidotetraiimimc compounds have been dis- 
cussed. It is clear that the introduction into the co-ordmated com- 
plex of a third acid radical, in place of a molecule of ammonia, should 
lead to the formation of an un-ionized compound. 1 his is found to 
be the case. One of the products of the oxidation of cobaltous salts 
in the presence of sodium nitrite and ammonia is a ycUow-brown 
sparingly soluble compound, which is trinitrotnainmmc cobalt, 

[Co|^^|^J. In keeping with this formula, the substance is 

stable towards acetic acid, and its aqueous solution has yliozi = 
Even this low electrical conductivity may well be due to coiitamma- 
tion with electrolytes. Compounds with other acid radicals in the 
complex, in place of the nitro groups, may also be prepared, and 

are also, in every case, non-electrolytes. , , , 

On the octohedral theory, such trisubstitutcd complexes should 
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be capable of existing in two geometrically isomeric forms. In a 
few cases this is known to be so, although the configuration of the 
isomers has not in any case been rigidly determined. Thus, when 
trinitrotriammine cobalt is treated with hydrochloric acid, it yields 
a deep blue, strongly dichroic compound (I), from which an indigo 
blue ozalato compound (II) may be made. This, like other chloro 
compounds, undergoes hydration (frequently termed aquotization) 
in solution (III). From the aquo-oxalato compound (III), a 
chloro-oxalato compound (IV) may be regenerated ; the salt so 
produced is, however, red-violet in colour, and so is isomeric 
with (II). 



(IV) red vioUt 


According to Werner, the dichloro compoimd (I) is the irans com- 
pound, thereby fixing the configuration of the deep blue chloro- 
oxalato salt. 



Inner Complex Salts. — The non-electrolyte complexes just 
considered are formed by the attachment of equal numbers of 
neutral groups and anions to a metallic ion. If the neutral group 
and acid radical are united in the same molecule — as, for example, 
m the case of glycine, NH 2 .CH 2 CO 2 H — the compounds formed have, 
m many cases, great stability, verv low solubility in water, but 
high solubility in organic solvents. ' Non-electrolyte complexes of 
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is co-ordinated to the adjacent carbonyl group, so that the 
aluminium-alizarin lake may be formulated as (I). 



The i}ossibility of inner complex salt formation arises wherever 

acidic and donor functions (such as the amino-, thiol, or carbonyl 

groups) are suitably placed in the same molecule, i.e. in 1,4 or 

1,5 positions to one another. It is a remarkable and quite im- 

explained i)henoineuon, liowever, that the presence of certain 

atomic groupmgs may confer the property of forming inner complex 

salts more or less specifically with some particular metal, i.e the 

inner complex salt formed by that metal is characterized above 

all others by its stability and — as a usual corollary — its insolubility 
in water. ^ 

The most familiar instance is the atomic grouping (II) which 
IS specific in this sense for nickel, fonning the dialkylglyoxime 

IS interesting to note that o-quinone dioxime 
(i\) wilJ not give such compounds, although when it is reduced 

to the correspondmg cyclohexane derivative (V) a stable nickel 
ilerivative is again formed. 


Kj.C^NXII 

NOII 

(n) 



II 

HON 


C.R, 

II 

N^O 



IIO.N () 

il II 

H,.(J — C.U.. 

(II!) 


NOH 


vx 

NOH 


CH, NOH 


CH 


CH 


CHa NOH 


(iv) 


(V) 


The grouping specific for cobalt 
larly elective when part of a 
naphthol (oxime form) (VII). 


is (VI), which in this case is particu- 
ring structure, as in a-nitroso 
In the same way, the grouping 
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(VIII), present in cupferron CeHs-NCOHj.NO, is weakly specific 
for iron. 


Ri.C=0 

Rjj.(!3=NOH 
(VI) 



(VII) 


R,.N— OH 
N=0 
(vui) 


In the cases considered hitherto, the number of acido groups 
in the inner complex salt has been equal to the valency of the 
central atom. If this is not the case, the resultmg complex wiU 
itself be an ion. Compounds of this type were termed by Werner 

inner complex sails of the second order. i , 

Thus, silicon, with the valency four, has a co-or(hnation number 
of six. It therefore forms a complex with three molec^es of acetyl- 
acetone in which one valency of the sUicon is unsatiuated, since 
only three acido groups are accommodated inside the complex. 
The whole therefore forms a unique complex cation 
siUcon (IX). In the same way. boron (co-ordmation number four 
valency three) also forms a complex cation by co-ordmation w ith 

acetylacetone (X). 


'C: 



i 



FoCl, 


The converse is the case with the acetylacetonate of divalent 
^halt (co-ordination number six). The third 

acetone required to complete the co-ordination shell confers on the 

whole complex (XI) anionic properties. 

In certahi cases, inner complex salts of the 
bo formed when the co-ordination shell is occupied only part ally 

by acetylacetone. Thus, the j J“(Xn 

cobaltinitrite and potassium chlorplatmite yields the salts (XII) 
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of this kind explains the action of tartaric acid, citric acid, etc., 
in masking the reactions of the heavy metals. In Fehling’s solution, 
the copper is in this way combined in the cupritartrate ion (XIV), 



[ 0_C(CH,)t 

ci*pt< >CH Ik 

^o=c(ch3)J 

(XIII) 



(XJV) 


while iron in the presence of citric acid is bound in a binuclear anion 
[Fe 2 (C 6 H 407 ) 3 ]®“. These complex anions are stable in neutral and 
ammoniacal solutions, no free ferric or cupric ions being detectable. 

Optical Isomerism. — The octohedral configuration of the 
6-co-ordinatc complex requires the existence not only of geometrical 
isomerism of the kind discussed in the previous sections, but also 
of mirror-image isomerism, leading to optical activity. 

The irans form of a compound [Co eujAB] (I) possesses a plane 
of symmetry, and so must be non-resolvable. The ci$ form (Ila), 
however, is not superposable upon its mirror image (II6), and so 
should be capable of resolution into optical isomers. 



This possil)ility was experimentally realized in 1911 by Werner,’ 
who resolved the [Co en 2 (NH 3 )Cl]®'*- complex by means of its 
(/-brom<‘ainphorsulphonate, and found for the bromide 

[Co en 2 (NH 3 )Cl]Br 3 , 
a specific rotation [ak = ± 43'^. 

The molecular dissymmetry docs not vanish if A = B (III). In 
fulfilment of this, Wenier found ® that the violeo salts [Go engClgJX, 
and the fiavo salts [Co en2(N02)2]X, were resolvable, thereby con* 
firming the determinations of configuration arrived at by other 
’ Werner, Btr., 1911, 44, 1887. » Werner, ibid., 44, 2445, 3279. 
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means. In all cases, the series of salts classed, from their reactions, 
as trans compounds proved incapable of resolution. For the 
maintenance of dissymmetry it is not even necessary that two 
chelating groups should be present : cis compounds of the type 
[Co enA2B8] must also display optical activity. 

In determining the configuration of a complex ion by indirect 
means, it has to be assumed that the mechanism of substitution 
reactions is such that they do not bring about any change of con- 
figuration at any stage. This assumption is by no means umversally 
valid. Thus Erdmann’s salt, [Co(N 02 ) 4 (NH 3 ) 2 ]NHj, may be con- 
verted to an oxalato compound [Co(N02)2(C204)(NH3)2]NH4, which 
is of the type discussed above. If this were derived directly from 
a trans tetranitrodiammine (IV), it could not display optical iso- 
merism ; if from a cis compound (V), two oxalato compounds should 
be formed, of which one (Via) has a plane of symmetry, whilst the 
other (VI 6 ) should be resolvable. Shibata reported that the 
oxalato dinitro diammine from Erdmann’s salt could be resolved 
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into optical isomers, and concluded that Erdmann’s salt has the 
cis structure (V). Nevertheless, X-ray evidence is compatible only 
with the trans structure (IV) for the anion of Erdmann’s salt, so 
that it may be inferred that a change of configuration takes place 
during the substitution reaction. 

The conclusive success of the octohedral model is finally demon- 
strated by the resolution of the type [Co 603]®+, in which there is 
no asymmetry of any one atom, but there exist only ‘ odd * sym- 
metry elements of the whole molecule, in the form of trigonal axes 
of symmetry through the centres of the octohedron faces. In 




agreement with the requirements of theory, Werner • found that 
[Co en3]Br3 could be resolved into antimers having [M]i, = 600 °. 
Plainly, the trioxalato complexes [Co(C204)3]M3 must have the same 
symmetry, and are therefore also resolvable. Since stable com- 
pomuls of these two types are formed by many metals, their resolu- 
tion has proved of great importance in establishing the octohedral 
configuration of 6-co-ordinate compounds of those elements. The 
evidence so gained may be summarized in the following table. 


lM»en,JX„ 

|M dipyridyhiXj . 



Table 2 

Compounds resolved for .V'* — 

Crjji, Fe‘n, Co”'. Al”». Rh“', Ir'”. Pf'' 
Co”*, Pt'». Cr”*. Rh"', Ir"'. Zn", Cd” 
Fe". Ni", Ru” 


A8» 


In addition, numerous compounds of the type [M eu^AB] have 
been resolved, especially compounds of cobalt and iridium. Of 
this type also is the compound [Ru(C204)2(C5H3N)(N0)]K, the 
rebolutioTi of which establishes the octohedral configuration of 
G-eo ordinate rutheuiuin. 

Wliere an existing asymmetric centre is introduced into a complex, 
the possibilities of isomerism are greatly increased, and cases arise 
which have no comiterpart in the stereochemistry of carbon. One 
such case, fully investigated by Werner,*® is that of the salt 

® Werner, ibid., 1912, 45, 121. 

Werner, Hclv. Chim. Acta, 1918, 1, 6. 
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[Co en pn(N02)2]Br, where the s 5 Tnbol pn stands for propylene 

diamine, NH 2 CH 2 CH(CH 3 ).NH 2 . Since this itself contains an 
asymmetric carbon atom (*), it may enter into combination either 
in its or its 2 form. The ira}is complex, itself not asymmetric, may 
then be formed either with d- or with 2-pn, while two distinct 
series of the cis isomers should exist : 





/d-cobalt c2-pii r fci-cobalt t2-i>n 

W-cobalt 2-pn U-cobalt /-pn 

^-cisi 

//-cobalt t^pn //-cobalt d-pii 

l/-cobalt /-pu U/-cobalt /-pti 

All the predicted active isomers, partial racemates and complete 

racemat^ could be isolated. . . 

In binuclear complexes (^ee above, p. 113, nud also p. 150) 
possible to have two asymmetric centres in the molecule. If, 
moreover, the asymmetric centres are structurally similar, thpic 
should exist an internally compensated or ineso form, in addition 
to the dextro- and laevorotatory isomers. The case is analogous 
to that of tartaric acid amongst the active carbon compounds. 
This prediction of his theory Werner realized experimentally m 

the resolution of j^enjCo;^ ^Co en* X*. The bromide of this 

complex, on treatment with silver (/-bromcamphorsulphonate, 
yielded the corresponding bromcamphorsulphonate, tjould be 

separated into three fractions of differing solubilit}'. Inc midd o 
fraction proved to be the bromcamphorsulphonate of the mactive 
nieso complex (Vil). In confirmation of this, the solubility and 
degree of hydration of the salts of the meso isomer differ couclusiveJy 

Wemor, Btr., 1913, 46 , 3674. 
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from those of the racemate made from equimolecular quantities of 
the d- and Z-forms (VIIIo and 6), 



NH 


[cn 2 Co<^Q*>Co en 2 ]Br 4 -f Ag bromcamphorsulphonate 


4 


i 


A. Most sol. fraction 
+ 8H2O 
[a] = 0" 


B . Middle fraction 
+ 7H2O 
[a] = 72® 


C. 


I 




Z-broiuide 4- 5HnO mcso-bromide + CHoO 

' ® solutjoii ^ 

Z-iodidc anhydrous meso-iodide -f- IH^O 


[M] = — 1360' 


i 


racemic bromide + SHgO 
racemic iodide, anhydrous 


Least sol. fraction 
4 - 6H2O 
[a] = 160® 




d-bromide 4* SH^O 

d-iodide anhydrous 
[M] = 4- 1360® 


Purely Inorganic Optically Active Compounds. — In all the 
cases con.sidered hitherto, optical activity has been exhibited by 
complexes containing co-ordinated carbon compounds— ethylene- 
tUamine. oxalate radicals, etc. While the complete fulfilment of 
predictions biised upon the octohedral hypothesis can now leave 
no doubt at all as to the steric arrangement of the co-ordinated 
complex, and as to the origin of the molecular dissymmetry, it 
nevertheless was logically desirable to prepare optically active 
compounds of purely inorganic nature. Only two such compoimds 
have yet been resolved — the first, by Werner, in 1914, and the 
second, by F. G. Maun, in 1933. 
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The resolution effected by Werner was that of the hexol 

dodecammine tetracobaltic ion, J 

polynuclear compounds of this series, which are obtained by the 
action of ammonia on the chloroaquotetrammine cobaltic salts 

rCo(NH3)4^*j^Jx2, are in principle the analogues of the triethylenc- 


diamine cobaltic salts [Co englXs- The heavy 


/OH 
(NH3),Co<( 

^OH 


groups simply function as chelating groups about the central 
cobalt atom. The compound was resolved by means of brom- 
camphorsulphonic acid, and gave d and I forms of great optical 

stability with the very high rotation of [M]d = ± 

Mann’s compound belongs to the general typo [M eugAB], and 
offers some features of special interest. Mann has pointed out 

that chelating groups fall into two classes . 

(a) those that can fiU all six co-ordination positions, as can 

ethylenediamine or the oxalate radical ; . 

(b) those which, while capable of filling four positions in the 
4 -co-ordinate complex, cannot fill more than four co-ordmation 
positions when introduced into the G-co-ordinate complex. 
To this type belongs, e.g., diniethylglyoxime. 

Tschugaieff** has shown that although dimethylglyoxime fills 
completely the four co-ordination positions about nickel, palladium 

or platinum, compounds of the types 

[Co(C.H,N,0,),(NH3),]C1 [Co^C,H,N303)3(N03)3]NH, 

[Rh(C4H7N20*j)2(Nxi3)2J^i 

are formed with the 6 -co-ordinate metals cobalt and rhodium in 
which it occupies four co-ordination positions. Mann showed that 
sulphamide. SO,(NH,)g, acts as a chelating group «f the second 
typ^. It co-ordinates with rhodium and platinum, functioning as 
a dibasic acid [SOiiNHlglHa. and forms the complex salts 
[Rb(S02N8ll2)2(H20)2]Na and [Pt(S02NJIo)2(On)(Nir2)]Na 
It might weU be expected that the reason for the inability of the 
chelating group to fill all six co-ordination po-^dams lay in the 

preponderating stability of the Irans coinpoun* ( )- n- 

dissymmetric, and could not be resolvable into ojitical isomers. 

izn loix A -7 ^n«7 1933. 412. 

» CW, ms, 46. 144 ; ftr., 1900, 39. 2092 ; 1907, 40, 3498. 

1908 , 41 , 2226 . 
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It was found, however, that the rhodium compound could be 
resolved, by means of a-phenylethylamine, into optically isomeric 
forms having [M] 57 ^ = d: 31-34®, showing that, in fact, the cis 
configui-ation (X) is adopted preferentially. The optical stability 
of the complex, which showed no tendency to racemize in solution, 
is all the more remarkable in view of the lability which is usually 
associated ^"ith water molecules inside the co-ordination shell. 




SIEREOCHEMISTRY OF THE 4-CO-ORDINATE COMPLEX 


For the spatial arrangement of four groups about a co-ordination 
centre, two possibilities come chiefly into question : a tetrahedral 
configuration, as exemplified by the distribution of the valencies 
of carbon, or a square planar arrangement. From the evidence 
then available, Werner postulated in formulating his co-ordination 
theory that the platinous aiumines had a planar configuration. 
This hypothesis, although generally accepted, was not until recently 
subjected to rigorous proof. 

It was for some 3 ’ear 3 supposed that a second proven example 
rtf a planar distribution of valencies was to be found in tellurium. 
W'lnou obtained dimethyl tellurium diiodide (CH 3 )aTel 2 and 
tlic corresponding base in two supposedly monomeric forms, the 
relatiuiiship between which is indicated b}’ the sequence of reactions : 


Tc -I- CH 3 I 


(CHalaTela (CHaloTeiOH); 

a*diioUide, a*baso 

ftd 


ht^at id vacuum 


> (CH3)jiTeO 
i3-baso 


HI 


> (CHal^Tels 
^-diiodidOt 


arcen 


Ou the assumption that the valencies were planar, Vernon inter- 
preted ihcsc results as iiulicating the existence of cis (/?) and trans (a) 
isniiii'is. Lttwrv and others coinnionted that the dilTeronccs between 
the a and fi .series wen* greater than would be expected for geo- 
inetrieal isomers. It was linaliv shown by Drew that, in fact, 

‘‘J.C.S.. l'J20, 86, 8U7; 1921, 105, G87. 

H. D. K. Drew, 161^., 1929, 5G0. 
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the 5-base and d-duodide are dimeric, the latter being a salt or 
a double compound (CH 3 ) 3 TeI.CH 3 Tel 3 . The dimeric )5-base reacts 
with a limited amoimt of hydriodic acid to give a mixture ot 
(CIL)aTel and CHgTeO.OH, both of which may be isolated. Ihe 
latter compound in turn, with hydriodic acid, fori^ 
telluronium truodide CH 3 Tel 3 . which unites with potassium locbde 
to give a double salt, or with trimethyl teUuromum iodide to re-form 

Vernon’s /?-diiodide : 

(CH3)s,Te(0H)a (CHalaTeOTeiCHglO ^ (CHalgTel + CHaTeOOH 


KtCHaTcI*] 

CHgTela 

[(CHajjTellCHjTeli] 'V''” 


It is certain that the distribution of groups about 4-co-ordinate 

tellurium is actually tetrahedral. • • i i .1 

The Stereochemistry of Platinum.— The principal chemua 

evidence as to the relations between the platinous amniines is se ou 
in the table below. By the action of aminoma on P^^^assium 01 
ammonium chlorplatinite there are formed direc y e 
pounds: a green, insoluble, highly characteristic compound, 
known as Manus’ salt (IV) ; a soluble potassium or ^mmomuni 

amminotrichlorplatinite (I), usually Cossa s » enme 

yellow, insoluble crystalline compound I _ 

empirical formula as Magnus’ salt, which is a-dianunm P 

chloride. This dissolves in an excess of 

mine platinous chloride (III) ; by the regulated ac lihomtes 

~e.^.^by boiling (II) with potassium cyanate, "Inch hberates 

ammonia slowly by hydrolysis—the ^ure of 

chlorotriammine platinous chloride, may be isola ® 

these compounds, and the transition from the tc raci o ^ • 

to the tetaammiiie salts, by way of the 

platinous chloride, is shown by the equivalent conductivity of 
salts in solution : 


KjPtCU 

K[PtCl3(NH3)] 

(/3) PtCl3(NH3)3 
(«) 

[Pt(NH3)3Cl]Cl 

[Pt(NH3)3]Cl, 



22 

116 

261 


3 ions 
2 ions 
un-ionizod 

2 ions 

3 ions 
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ArNO, 


[Pt(NH3)4][PtCU] [PtCNHjl^KNOa)* + AggPtCI, 

^ (IV) Yv KjPtCI, (V) 


liH. 


K(PtCl3(NH,)] 


NH, 


K.PICI. 


KjPtci; 


NH, 


NH, 


[PtCU(NH3),l 


NH, \ HCI 

> [Pt(NH,)4]CU ^[PtCI,(NH*),] 

(III) M hAvw) (p) 

^ A.. /\ 


PtCU.en 


(XII) 


NHJ HCl / Ab,0 HCI 


[Pt(NH,),Cl]Cl 

(VI) 


Ag,0//HCl* 


heat 


BCI 


lPt(NH3),en]CI* 

(XIII) 


[Pt(NH,),(0H),]-7>[PtCU(NH,),] 

(VIII) (IX) 

fi or Y base y dichloride 


tI HiCjO. 

[Pt(NH3),(0H)3] ?-[Pt(NH,),C304] 

(X) (XI) 


The constitution of Magnus’ salt (IV) is sho^vn in that it is produced 
quantitatively by the interaction of cquiinolecular amounts of 
tetranunine platinous chloride (III) and potassium chlorplatinite. 
In confirmation of this, and showing that no intramolecular changes 
occur in the reaction, when (IV) is rubbed up with silver nitrate, 
silver chlorplatinite is formed, and (V) is formed in solution, as is 
shown by its reconversion to (IV) on further treatment with 
potassium chlorplatinite. Tetraminine platinous chloride (III) loses 
‘2 molecules of ammonia when it is boiled with hydrochloric acid. 
The a-cliammine (II) is not re-formed thereby, but a second com- 
pound (VII) of the same empirical formula is produced, with a much 
lower solubility, and with different physical and chemical properties, 
known as /3-diammino platinous chloride. The nomenclature of 
these compounds is confusing and inconsistent : the a-diammine 
has been variously kno^^m as Peyrone’s chloride, platose midiftmmin e 
chloride and the a-diammine chloride ; the ^-diammine has been 
called Reiset s chloride, platosammine chloride and the /9-diammine 
chloride. The nomenclature used here is that generally current in 
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the literature of chemistry,^’ although Drew, Wardlaw and their 
co-workers reversed the designations of the diainuiine chlorides 
and their derivatives. 

On the view that the a- and /3-diainmines are related as cis-trans 
isomera, the allocation of their configurations follows simply from 
their reactions. The a-diammine reacts with silver oxide to give a 
base (X) from which, by the action of oxalic acid, an a-diammine 
oxalate (XI) is formed. The /9-chloride (VII) similarly reacts with 
silver oxide to form a second base (VIII). Whereas, however, the 
action of hydrochloric acid on the a-base (X) re-forms the original 
a-chloride (II), the base (VIII), according to Drew, Wardlaw et a/. ^ 
gives rise to a new, uns table y-chloride (IX), wliich is readily 
reconverted to the /9-chloride (VII). The existence of the y-chloride 
has been denied by other workers,^® and its physical and chemical 
properties are not convincingly distinct from those of the a-chloride. 
If its existence be real, it cannot easily be reconciled with the 
planar distribution of the co-ordinated groups, which admits ot 
only two geometrical isomers unless arbitrary hypotheses are 
introduced as to the non-equivalence of adjacent bonds. 

By the action of ethylenediamine on potassium chlorplatinite. a 
diammine compound (XII) is formed, which reacts with ammonia 
to give a mixed tetrammine (XIII) identical with that obtained )> 
the action of ethylenediamine on the a-diammine chloride (11). ^ ^ 

compared with these reactions, the /9-chloridc (VII) ill not leac^ 
with ethylenediamine, neither does the fi (or y) base (MU) react 
with oxalic acid. The evidence of these reactions goes to show 

therefore, that the a-diamminc is the cis chloride / ^ 

NH3 

whereas the /9-compound has the configuration 

Cl 

Additional weight is lent to this identification of .steieoisomors b\ 
the observation of Pinkard, Saenger and Wardlaw ^ t lat e enc 
diamine does, indeed, react with mixed /9-diainmmes -e.j/. with 
^-[Pt(NHa)(NH20H)CU]— but that the reaction occurs only with 
the complete elimination of the groups originally co-ordinated \Mtii 

the platinum, forming [Pt en2]Cl2. . • 

Geometrical isomerism similar to that sliown b> t ic amnmics s 

found also with other platinum compounds of the type 1 ^ g z- 


Cf.K.A. Jensen, Z. anory. Che?n., 
Reviews, 1943, 33, 137. 

** CJ. Itosenblatt and Schlecde, Btr. , 
Ckem., 1936, 229, 252. 


1935, 225. 123 ; J>. 1^ Mellor, Chun. 

1933, 66.472 ; K. A. Jensen, Z.aiwnj. 

1933, 1050. 
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notabl)^ the thioether compounds or sulphines, (RgSjgPtCU.®^ 
The a^reemeut of the chemical evidence as to the configuration of 
the siTlphines with that adduced for the ammines is of particular 
importance, inasmuch as two independent lines of physical evidence 
can be invoked as to the configuration of these compounds. 

The evidence of X-ray determinations of crystal structure supports 
not only the hypothesis of a planar arrangement of the valencies, 
but also the allocation of configurations deduced from the chemical 
evidence considered. Thus, Dickinson 22 found the halogen atoms 
and the platinum atom in K2PtCi4 to be rigidly coplanar ; a similar 
arrangement of the ammonia molecules has been shown by Cox 
to hoFd good for [Pt{NH3)4]Cl2. While this is true for these sym- 
metricul complex ions, in the solid state at least, it could not 
logically be inferred that a planar structure is valid also for all 
substituted complexes. Cox, Saenger and Wardlaw have sho^vn, 
however, from X-ray considerations, that the molecule of the 
/1-disulphine must possess a plane of symmetry perpendicular to a 
twofold axis of symmetry — a requirement compatible only with a 
;nj//.s-plaiuir arrangement of the groups. This accords completely 
w ith the chemical deductions for the ^-series. A similar confirma- 
tion for the a-series is lacking, altliough the same authors have 
sliown tliat the molecular symmetry is lower than in the case of 
the />-sul{>hines. 

A sectuid line of physical evidence as to the configuration of the 
platinous complexes is afforded by measurements of their cbpole 
moments. J-msen 23 found that the / 9 -tertiarv phu.sphine and arsine 
derivatives, (U.,.\s)2ptC‘l2 and (RaPl^PtCIo, have no dipole moment. 
I'his can onlv be true if each pair of Pt — Cl, Pt — As or Pt — P 
links is strictly collinear i.c. if the coinplc.x is, once again, trans- 
})lanar in contiguration. As would be expected, the a-compounds 
liave liigh di{iole moments. The reason for choosing the tertiary 
}ilu*sphiiie and arsine compounds for the ])urpose, iiLStead of the 
.sul})hines, is that the .VsHg or PH3 group (R = ethyl, butyl, etc.), 
h' ine j)yramidal, has its resultant momoiit along the direction of 
the c"-t>rdinate link. The resultant moment of the SRg group 
in the sulphines must he at an angle to the co-ordinate luik, and 
if as is most likclv— there is free rotation about the co-ordinate 


- * 1 !! on>t r.iiid, jmtkl. f 7/< w. 
SJ. 42o ; W’liotl.iw 

it'll.. I'.Htt. Is2; Ji-iisiii, 


. IssS. 38, 352 ; Tschrigacv, Z. nnorg. Chem., 
it ill. J.C.aS., 1933. 1294 ; Cox, Wardlaw 
Z. anurg. Chein., 1935, 225, 97. 115 ; Drew 


.-{in'r. Chilli. Sit.. 1022. 44, 774. 2404. 
■•'J.C.S.. 1032. 1012; r/. also ibiil.. 1932. 252 
Ihi'l., 1034. 1012. 

Z. (iiiorg. CVuei., 1930, 229, 225. 




1933. 1089. 
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link, the whole complex will probably have a resultant moment 
even though the groups are iraws-planar in arrangement ; a parallel 
is found in the resultant dipole moment of quinol dimethyl ether, 

p- CH3O.CeH4.OCH3. ^ ^ , 

It may be seen that the evidence as to the or trans compounds 

of platinum is fairly complete. The case of the a isomers is not so 
conclusive, and it has been maintained by some that their properties 
differ sufficiently from those of the /3-series to justify regarding them 
as structural, rather than geometrical, isomers. It must, however, 
be borne in mind that the proximity of the negative atoms m such 
compounds might weU be sufficient by itself to account for them con- 
sidembly greater chemical reactivity and electrol 3 rtic conductivity. 

The view that, contrary to Werner’s hypothesis, the configura- 
tion of platinous complexes is tetrahedral, and not planar, or else 
that both tetrahedral and planar forms are possible has been 
persistently maintained by some chemists, and the e^adence which 
LaUy estabhshes the planar configuration may now be examined. 
Thus, Reihlen has maintained that m the platinous compound 
of ethylene bis-thioglycoUic ether, prepared by Romberg and 
Tiberg. a coplanar arrangement of the two coupled ^ 

(XII) would impose a great strain in the median ring B, whic 
can ie avoided only if the two rings A and C are at right angles 
as is the case if the platinum valencies are tetrahedrally disposed 

(XIII). 


CH, 


CHj— 


CH 


1= 


O 


o 


^Pt 


(xn) 


CH3 

I 

-CO 


CO 


CHa 
0 


CH 


B S CH 


Ft 




CH- 


S 


V 


0— CO 


(XIII) 


A very clesant method of verifying the planar configuration of the 
platino^ complex, reminiscent of the method apphcd by Ladenburg 
to the benzene problem, was worked out by Tscherniaev In any 
pUnar complex [Pt ABCD] coutammg four different 
there should be three isomeric arrangements of the co-ordinated 


groups : 


A B 
Pt 

D C 


A B 
Pt 

C D 


A C 
Pt 

D B 


« AnmtZen, 1920, 448. 312 ; 1931. 489, 42. 

«Ann. Inst. Platins, 1928. 6. 65; Chem. Zenir.. 1929. 1 , 1204. 
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In a tetrahedral structure, of course, only one arrangement is 
possible. 

Tschemiaev, starting from the cis-dihydroxylanuno platinous 
nitrite (XTV), obtained the diammine compound (XV) and (XVI) 
by the action of ammonia and pyridine. These compounds, when 
treated successively with hydrochloric acid and pyridine, respec- 
tively, were converted to the diammines (XVII) and (XVIII), and 
then to the isomeric triammines (XIX) and (XX). The third 


(xiv) 


NHgOHs^ 


NH2OH 

NH^O 



NHgOH 




/NO, 

< 



C.H5N 


(XV) 
HCl 


2 


Cl 


/NH3 


\pt^ 

NHaOH/" ^NO 
(xvii) 

c.u,x 


NHaO^ ^NO 

(XVI) 

HCl 


Ck .C.H^N 

NHjOH^ ^NO, 
(xvni) 


C3H3N 


\ /NH3I 


\no 

(xix) 


/NO, 
/PtC 


2 J 


Cl 


NH 


NH, 




(XX) 



Pt 


/NHjOH 


6^8 


Cl 


NO., 


•\ 


c.ir.N 


-{- NHoOH.HCl 


(xxii) 



+ N ,0 + 2H3O 


(xxin) 


isomeride (XXI) was obtained from /rans-amminopyridino platinous 
chloride (XXII). One of the nitrito groups reacts with hydroxyl- 
ajuine hydrochloride, whereby a chloride ion is introduced into the 
complex (XXIII). The compound (XXIII) is converted into the 
desired third isomeride (XXI), by the action of hydroxylamine. 

Attempts to settle the question have been made by utilizing the 
possibilities of optical activity which may arise from the introduc- 
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tion of unsymmetrical chelating groups. Then, on a planar model, 

complexes Tthe type [Pt(a^).]. where the 

chelating group, must exist in two forms, neither of which ‘s resolv- 
able, are related to one another as cis-trans ■somem 

the tetrahedral model, no geometrical isomerism V 

the complex should be resolvable into optical enantiomorphs 

(XXrV) and (XXV). 


Pt 


and 


Pt 



A third possibility, intrinsically less geometrfcay^somers. 

distribution of valencies might exist. Two geometrica 




(xxiv) 


(xxv) 


(XXVI) and (XXVII). ebould then^b^ formed. ^of 
(corresponding to the planar t 
isomerism also. 





(xxvt) 


(xxviia) 


(XXVI16) 


,, , nf 4. co-ordinate compounds 

Several cases of the alleged rcsolut reported. Reihlen 

of the platinum metals horsulphonate of the series 

claimed to have resolved the acid could be 

(XXVIII). although no active and Gcrb 

obtained. A similar claim The low optical stability 

for the ealicylatO'palladite amon (X A 1* .,,,,1 in the face of the 

of such compounds is noteworthy, lowe ’ j j indicating any 
other evidence available, they cannot be regaraea 
possibility of a ^trahedral configmat.on. 

"AfiTialen, 1931. 489. ^2; 1936- 519. 

”2. anoTff. Chem., 1933, 210, 289. ^ 
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(xxviii) 


Jensen,®® who tried without success to extend Reihlen’s observa- 
tions, has suggested that the anomalous rotation of the bromo- 
camphorsulphonate solutions could be explained if tbe chelate rings 
of (XXVIII) open, forming (XXX) in solution. This last compound 
is, of course, destroyed when the resolved bromocamphorsulphonate 
is later converted to the salt of an inactive acid. 


C,H 


2**6 



CH3 




NH 


« — ^1x^2 / " (S03.Cn)TI|40Br)<, 

2 


(xxx) 


Drew,®^ using isobutylenediamine, NH2.CH2C(CH3)2NH2, as the 
unsyminetrical chelating group, found that the predicted geometrical 
isomers of [Pt(a-b)2lX2 could be prepared. It is significant that 
both isomers were non-resolvable. If one of the molecules a-b be 
now replaced by two different unifunctional groups, c and d, then 
the following possibilities arise for the configuration of the resulting 
fa 1 


complex 


^Pt(c)(rf) 


(a) If both planar and tetrahedral forms exist, there must be 
two isomers, whether the chelating group is unsynunetrical, 
as with isobutylenediamine, or symmetrical, as with ethylene- 
diamine. 

(b) If the configuration is planar, there is only one compound if 


anorg. Chem., 1938 , 241 , 115 . 
J.C.S.y 1934 , 221 ; ibid., 1937 , 1549 . 
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cb-h is symmetrical, but two isomers if a -6 is unsymmetrical. 

1 .1 1^1^ fit 


In no case are the compounds resolvable. 

(c) If tbe configuration is tetrahedral, there is only one form, 
which is resolvable if is unsymmetrical, but not resolvable 

if 0-6 is symmetrical. . •, i 

As chelating groups. Drew used isobutylenediamine and ethylene- 

diamine ; as the unifunctional groups c and d, ammonia and 
ethylamine were used. 


K.PtCl* 


^ K[PtCl,.NH,] 


[PtCb(NH,KC,HjNH,)] 


eO 


ib 




[ • ^Pt 

NH,'^ ’^NHaCH 
Oaly one foriu 


;hJ ■ L nh/ L nh. 

Two Isomeric foriiw isolftlcd 


^,CJIen 
I Cl 


The experimental evidence, summarized in the 

sented above, accords entirely w.th the hypothesis that only the 

QuS - have furnished positive evidence by 
resolving a bis-chelate compound which could not exhibit inu-ior 
image ifomerism if the chelate rings were in planes perpendicular 
to one another. Isobutylcucdiainiue reacts with 
platinite forming isobutylenediamine platinous chloride (XXA ), 
frl wMcrby the action of meso-stilbene diamine, there is obtained 

the mixed tetrammine (XXXII) 


KjPtCl^ McjC.NHjx^ 


PtCl 


MejC.NH.v .NH2CH.C0II5 

1 I 

CiLnh/ ^NH^CH.CelJo 


If the arrangement of the platinum valencies is tctrahei^al the 
La^Su't have the i^olccular 

diagrammatically in perspective and en e cv median oHne 

fX:x:XJV^ resnectively. This has, as may be seen a median plane 
respecbivciy. . ontical isomerism. If 

tiomo^h, having [M]„„ = ± 48-5«. Since simple complexes such 

« Jbid., 1935, 830. 
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as [Pfc en ib]Cl 2 (ib = isobutylene diamine) have never been re- 
solved, there is no evidence in favour of the inherently improbable 


(xxxiv) 


Me 


Me 


C— NH. 


HjC— NH^ 



NHo— CH 


^NHj— CH Ph 


(xxxm) 
CHo— NHy 


Me/ 


\ 

Ph 


NHj — CH 


/ '^■“8 ^ 8 \ ^ . 

\NH,— CH P] 


NH 


\ 


Ph 


(xxxv) 


Me Me 


Pt 


Ph 


Pb 



(xxxvi) 


pyramidal configuiation. The planar distribution of groups around 
the central atom in the complex compounds of divalent platinum 
may therefore be taken as conclusively established. 

The Stereochemistry of Other 4-Co-ordinate Elements. 

Palladium. — It might well be expected, from the chemical 
similarity between platinum and palladium, that the latter element 
would also have a planar arrangement of valencies. This is, 
indeed, the case. The general reactions of palladous compounds 
with ammonia and with thioethers conform closely to those 
(le-i iil)cd for platinum, although in most cases only one of the 
P' able pairs of isomers is formed, namely — except with chelate 
pv, ,ups — the fi or trans isomer, as is shown by the reactions of 
l’ compounds, and by the isomorpliism of (Et 2 S) 2 PdCl 2 with 
/■ toSlsPtClg. The study of the palladous compounds is com- 
p,’ ‘ ;;1cd, however, by the ease with which intramolecular rearrange- 
uu nt takes place. Thus, (NHgloPdClg, although undoubtedly a 
Irans compound, reacts readily with potassium oxalate, forming 
[(NHjl^PclCoO^], which is necessarily cis. In the same way, as has 
been stated, (EtsSigPdCU is isomorphous with /^-(EtaSljPtClj, but 
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it reacts with EtS.C^H^.SEt to give the chelated compound 

C2H4<; PdClj. The existence of cis and trans isomers has 

^(EtS) 1 T*- 1 j ’ll 

been established in a few cases. Wardlaw, Sharratt and Pinkard 

obtained cis and trans forms of diglycine paUadium, 

^ 


CH,NH 


CO 0 


^>Pd^ 


NH,CH, 


and 


CH^NH^v^ yO-CO 


Pd 


0— CO 


CO 0 




Mann has prepared both cis and trans forms of (NlIalaPf^NOalo, 
while Grunberg and Schulmann have recently isolated the hitherto 

unknown a-diammine palladous chloride, a'a 2- 

Nickel.— The complex chemistry of nickel, like that of pal admm, 

bears certain resemblances to that of pkatmum. Thus, all three 

metals form characteristic inner complex 

and the hydrated double cyanides— c.ff. f 

M = Ni, Pd or Pt)— are all isomorphous. It seems to have been 

first explicitly suggested by Pauling on theoretical ground^ 

which wiU be considered later, that nickel 3, 

the configuration of its 4-co-ordinate compounds. Tschiiga ^ 
had already obtained two interconvertible compounds of mc^l 
methyl glyoxlme. and Sugden,- shortly P[,f ^ 

isolated two forms of the compound of “‘oK*;' 

glyoxime (XXXVII), also readily interconvertible, which are presum 

!uy^ate^c.-s and trans isomeis. Thi-s assumption is 
by a considerable body of physical evidence. 

rco.s .S-CO-- 

oxalates, K 


1 '1^ . in which M - Ni, Pd or Pt, arc 

strictly isomirpho^us, aud'^'Cox, Wardlaw ami '^'ister « have 
shown, by X-ray methods, that the an.on^ of the ^nickel 

^hTte^ eXlairofcom^t 1^^ (XXXVIII) are planar, 

■'“r^pound [NlBr3(Et3P),l.» containing tnvalent nickel has 

quite a different steric co.dlkmration. h« 
be correctly represented as having the 

9 * Ibid 1935, 1042. 

»J.C.S., 1934, 1012. 

•^Campt. liend. U.It.S.S., ^18 ^ 

**J. Amer. Chem. Soc.. . chem Zenlr., 1911,1,871. 

.« J. liuss. Phya. Cftern. Soc., 1910, 42. 1400 . them, ^en . 

^JmC.8,^ 1032» 240. Ft*/ 10'^^ 4^9 

.. Ky^aard. .0«. 3, 4,4. 
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5, since its formulation as a binuclear complex {q.v.) containing both 
Ni (ii) and Ni (iv) cannot be reconciled with the molecular weight 
in organic solvents. Moreover, its magnetic susceptibility indicates 
the presence of one unpaired electron, as would be expected in any 
complex based on trivalent nickel {see p. 181). There are two likely 
configurations for a molecule of this kind : the trigonal bipyramid 
(XXXIX), or the tetragonal pyramid (XL). It is known that the 
dipole moment of the Et 3 P — >■ Metal bond is large, so that the 


PhCHj.C— 

C.Me 

PhCHa.C — 

C.lSIe 

1 

II 

(1 

II 

HON. 

X 

/NO 

Ni^ 

HON. /NO 

HON^ 

^NO 

ON/ 

"^NOH 

11 

II 

11 

11 

PhCHj.C— 

C.Me 

Me.C - 

C.CH^Ph 


(xxxvn) 


a- form, m*p. 168*. 
^-form, m.p. 75-77®. 



(xxxviii) 


possible arrangements of the groups about the structure (XXXIX) 
necessarily all lead to large moments or to zero moment. As the 
dipole moment found for [NiBr 3 (Et 3 P) 2 ] is small, but not zero, 
Jensen and Nygaard believe that the configuration of the 5-co- 
ordinate complex is to be represented by (XL), and that the struc- 
tiue assigned to some other molecules — e.g. to Fe(CO) 5 — may 

be in error. There are some theoretical reasons for supposing that 
the configuration which is taken up may depend on the quantum 
numbers of the d, s and p orbitals which are involved (as [rfsp®] or 
hybrids — see Chapter III) in forming the complex. 




CO-ORDINATION COMPOUNDS 139 

Copper was for some time considered ^ belong to those element 
having a tetrahedral configuration, since Mills and ^tts “ttamed 
a strychnine salt of cupribensoyl pyrinnc acid (XLI) wMch 
exHbited the phenomenon of mutarotation. They were not 

to remove the strychnine without complete ^ ? 

analogy with the behaviour of the corresponding beryllium complex 
wWch is undoubtedly tetrahedral, and which likewise showed 

CuSO 5H«0 as determined by Beevers and Lipson, 

1 ;i V M rOn^H the water molecules are coplanar with 

hydrated ^3 ^^ee been shown that other cupric 

;::xt x - %S';2 sn'.'S 

rektod IS 11*“ by the Ibttbr mitbors 

assured, therefore, that the , planar in its 4-co-ordinate 

was in error, and that copper is ;^o^vn amongst 

compounds. In no case is S^o 
compounds of copper: thus, CuOlglOslls >2 

.A <• 


the tranSy form. 


C«H,.C=0 


'6^5*'-' 

dii 


H 

C 


o 


COOH 


0 — C.CflHg 

Cu CH 

/ 


/\n 




$ 

\ 



coon 

(XLI) 


(XLIl) 


As might be expected, bivMcnt lul^has tlm -- 

gS. 5 “ XlbXdtXbyi™ b,™,idy 


EtoAu 


/ 


Br 




'■*/AuEt 
’■''Br/ 


The planar configuration thus appears '-J'-i^ShwIlent 
platinum-nickel and copper-silver group of metals 

48 Proc Hoy. Soc., 1934, A, 146, o70. 

1926, 3121. 

« Oox cr al_., J.C.S.. 150 , 731 ; 1930 ^5- 


« Idem, ibid., 1930. 775. 


«« Vnd WcbHtor. J.C.S., 1930. 1035 
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state. It is important to note, however, that the configuration 
displayed depends on the valency of the metal. Thus, quadrivalent 
platinum in (CH3)3ptCl is tetrahedral, as also is univalent copper 

in |^Cu^S=(X^ ^ Jci and in K3[Cu(CN)4].^* The same is 

apparently true for tin and lead, which have the tetrahedral con- 
figuration in their quadrivalent compounds, but a planar configura- 
tion in the bivalent state.** 

The most interesting case, however, is that of certain cuprous 
compounds, such as (CgHglsAs.CuI, in which the apparent co- 
ordination number is 2 . Compounds of co-ordination number 2 
are formed by univalent silver, and it has been shown that in 
K[Ag(CN)2] the complex ion [Ag(CN)2] is linear. The cuprous 
complexes are not of this type, however, but are shown by 


AsEtt 

\ 

Cu 



molecular weight determinations to be fourfold polymers, 
[EtgAs.CuIJ^. The compound undergoes polymerization in order 
that the stable co-ordination maximum may be attained, and 
affords an example of the manner in which the chemistry of the 
metallic elemeni is dominated by the necessity of acquiring the 
stable co-ordination number. In the case of these cuprous com- 
pounds, the crystal structure of the solid compounds shows that 
the four copper atoms are disposed at the apices of a regular 
tetrahedron, in such a way that each copper atom is itself surrounded 
tctralicdrally by three iodine atoms (each shared with two other 
copper atoms) and an arsine molecule (XLIII). The same tendency 

Idem, Z. Krisl., A, 1935, 90. 661. 

Cox, Wardlaw and Webster, J.C.S., 1930, 776. 

** Cox, Shorter and Wardlaw, Nature, 1937, 139, 72. 

Mann. Purdie and Wells, J.C.S., 1936, 1603. 
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to estabUsh fourfold co-ordination is met with in other cuprous 
complexes Thus, cuprous iodide forms an ammine [(NH 3 ) 3 CuI], 
which loses ammonia readUy (Biltz and StoUenwerk).^^ Amines of 
greater co-ordinating power, such as dipyxidyl, give stable com- 
pounds of the same type, and with the arsine and phosphine 
compounds already referred to, monomeric compounds ynth the 
co-ordination number four are readily formed. If these lose the 
alkyl phosphine component, polynuclear compounds are formed, in 
which the co-ordination number is still maintained. 


[RgP.CuIli + 4 dipy 


dipyCuN^^ 


dipyCu-;^ ^Cudipy 


Compounds already reported in the literature, such as the 
CuI. 2P(C2H6)3 described by Arbusow, are undoubtedly to be 

formulated similarly : 


LEt,P^ 


Another example of polymerization brought about >jy 
nec^ity of aequiring tl^^s^able co-ordma^^^^^^^^^^^^ 

i»v‘. x"r<::L%.r.L J., .nd 

tively unsaturated. Since, however, the square planar conBguration 
is stable for trivalent gold, and since the ON group may 
ordinate with either end. the 

attained by a fourfold polymerization (XLIV). In ' 

with this, ihe compound does, in fact, have a molecular weight 

in solution corresponding with the tetrameric ortn. 


Kt 


Kt 


Et— 


Au-C: 

t 

N 


r-N 


Au — Et 

I 

C 


C 

I 

Et— Au- 


Et 


N=C 


(XLlV) 


N 

I 

Au 


— Et 


Et 


'I’k c *' T-nn<»t 4 -co-ordinated elements at least, other 

thinToL" rrated".';: l^uahedral. Rather surprisingly. 
« Z. anorg. Ghent.. 1921, 119. 97. “ Gibson al.. J.C.3.. 1935, 1024. 
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this includes divalent cobalt, in certain of ite coi^o^^ at 1^- 
Powell and Wells have shown that in Cs3CoCl6(= CsgCoCU + CsOl) 
the cobalt is present at the centre of a tetrahedron of chlorine ions 
in the anion [CoCl^]^-. On the other hand, there is evidence that 
in the a-, stable, violet form of CoCl2.(C6H5N)2 the config^ation 
must, for dimensional reasons, be planar. DipTridmocobaltous 
chloride can also be obtained in an unstable, blue ^-form by heating 
the a-form at 110“, or by crystaUization from organic solvents at 
elevated temperatures. These two forms have been considered by 
some without any experimental justification, to be the cis and 
brans’ forms of planar complexes. An alternative view, that one 
or other of the forms is a salt [Co pyT4][CoCl4l, is difficult to reconcile 
with the monomeric molecular weight of the ^-form in solution, 
with the imMS'planar monomeric nature of the a-form, and ^th 
the observed magnetic susceptibility of the compounds.^® The 
nature of the /3-compound thus remains unexplained. It is clear, 
however, that divalent cobalt is capable of assuming both the 
planar and the tetrahedral configurations according to the nature 
of the attached groups and of the whole complex. 

The evidence for the tetrahedral configuration of most of the 
elements is based upon the crystal structure of complex salts, such 
as the series where M = Zn, Cd or Hg. or upon the 

optical resolution of bis-chelate compounds. Thus, ^Idls and 
Gotts resolved zinc and beryllium benzojdp>Tuvates {see (XLI) 
above), and Boeseken resolved disalicylato boric acid (XLV). Con- 
firmation of the tetrahedral structure of beryllium complexes is 
afforded by the structure of basic beryllium acetate, Be40(0.C0CH3)c. 
This interesting compound, like the other so-called basic beiy llium 
salts ’ of fatty acids, is soluble in organic solvents, melts at a low 
temperature, and may be distilled unchanged. They must therefore 
be purely covalent in structure. It has been shown that in the 
basic acetate tlie beryllium atoms form a regular tetrahedron 
around the central oxygen atom, and are further linked by co- 
ordination to the six acetate groups so that each beryllium atom is 
itself in fourfold co-ordination (XLVI). It may be noticed that 
the central oxygen atom is also the centre of fourfold tetrahedral 
co-ordination. This is met with elsewhere also, and is concerned, 
as will be seen later, in the crystalline (solid) and pseudo-crystalline 


£■3 J.C.S.. 1935. 359. 

Cox, Warcllaw ft al., ibid.. 1937, 155G. 

Cf. Biltz ami rttlvf-nlu-mr, Z. anorg. Chem., 1914, 89, 97. 

Barkworth and fSiigden, Nature, 1937, 139, 374. 

J.C.S., 192(5, 3121. 

J. J. Boi‘Si‘krn, Pror. Acad. Sci. Ayn^sterdam, 1924. 27, 174. 

\V. H. Bragir and (7. T. Morgan, Proc. Pot/. Soc., 1923. A. 104. 437. 
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(liquid) forms of water, and in the formation of hydroxyl bonds m 

hydral^ and hydroxides. ^ 

The important question arises as to whether these characteristic 

configurations are invariable, or whether the assumption of other 

forms is also possible. Theoretical guidance on this point is lacking 

but the experimental material appears to provide examples both 

of ^ planar ’ elements forming tetrahedral complexes, and ot the 

converse phenomenon. 



(XLV) 


F. G. Mann •» in 1926 investigated the formation ^oomplex 
compounds by ^^'/ 3 "-triammotricthylamine, and 

found that with nickel and platinous iodides this formed coinpoimds 
in which it functioned as a quadndcniale group, filhii “ J 

positions in the co-ordination shell. A problem “f 

is thereby raised, since it has been rigorously established that 



(XLVI) 

these elements normally have the planar 

aminotriethylamino, however, could no “ fitted without 

the square planar arrangement, although it can seem 

undue strain to a tetrahedral structiae ' "7*^ 

therefore, that under the constraint of groups of high co-or Imat mg 
power, the ‘ planar ' elements may be led to take up the other 

structure. 


♦0 J.C.S., 192C, 482. 
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The converse must hold for the phthalocyanine compoimds of 
beryllium, zinc, magnesium, and other * tetrahedral elemente,*^ 
since not only is the skeleton of the molecule (XLVTII) rigidly 
co-planar, but the crystalline compoimds have been proved by the 
X-ray method to possess the same structure as the phthalo- 
cyanines of nickel and copper. In some cases — e.g. the magnesium 
compound— the metal readily picks up two molecules of water or 
solvent, thereby going over to the 6-co-ordinate state, and stabilizmg 
the square planar arrangement imposed by the phthalocyanine 

group. 



(.KLvn) 







(xLvm) 


Ring Size and Chelation. — The manner in which chelation 
generally enhances the stability of co-ordination compounds will 
have become apparent from the preceding sections. For a molecule 
with two potentially co-ordinating groups — such as a diamine 
NH 2 .(Cll 2 )„NH 2 , or an amino acid NIl 2 (CH 3 )„COOH— to function 
as a chelate group it must be geometrically possible to form a ring 
of low strain, precisely as in the formation of carbon rings in organic 
chemistry. Chelation will therefore be most favoured when the 
groups are in the 1,4 or 1,5 positions. 

Where saturated (singly linked) rings are formed, as by the 
co-ordination of diamines, the 5-membered ring, as formed by 
etliyk-nediamine (I), is the most stable. Objective proof of this 
has been furnished by Drew,®® who found that ethylenediamine 


«' Linstoad ct al., ibid., 193G, 1719, and earlier papers. 

Liinstead and Robertson, ibid., 1936, 1736 ; Robertson, ibid., 1035, 615 ; 
1936, 1196. Drew and Tress, J.C.S., 1933, 1335. 
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and, less readily. 1,3-propylenediainme (II) co-ordinate with 
platinum, whereas the higher polymethylened.ammes form only 
amorphous. iU-deened products, in which the two ammo groups 
of any one molecule of diamine are probably linked to different 

metallic atoms. 




-CH. 



(n) 


A particularly elegant demonstration of the 
the five-membered as compared with the 

given bv Mann in studying the co-ordination compounds ot 
w triJiJnopropane, NH,CH,CH(NH,)CH,NH. This can r ^c 
so as to occupy only two co-ordination positions, the third amine 

the structure (III) with a eve-membered chelate ring. 

XTTT /TCT 1 /NH2 CH2K 

NH,— CH2I CbPt^ /CH 


Cl^Pt 


yWil, — un. 


NH,.HX 


CH2 NH2.HX 

The same considerations apply to those with 

showed that, of the ammo acids 

n = 1 or 2 . giving rise to five- or are 

alone function as chelating j considerations are 

involved, however, he ^ 'rbeing formed. Tims, 

overruled, complex salts of a . all form copper salts 

the 0-, m- and p-an^obenzene p ^ w\i\ch on the evidence 
of the formula (NHj.C.Hj.SOalaC . . ^ aniline compound 

ot their colour are closely related ‘o. ^™P“;;e„-„rdinaiion is 

(C.H,SO,),Cu(NH,C.H,),. ‘'Tst.ucturo analogous to 

effected only by the amine group, giving a siru 

that of the betaines : « ,r oi-t 

/-RH P H NHo NH 2 .CeH 4 .SO 3 ). 

The stcric relationship of the acid and amine groups is t cn 

irrelevant. 

1920, 129, 2681. 1933. mi, 136. 321. 

•» Annalm, 1933, 503 . 84 ; ^ ^30 97 : cf. J^y, - 

•• Pfeiffer, Z. anorg. Chem., 1930, 230, vt , J ^ 
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It is curious to note that, whereas the saturated 1 , 2 -dia^es 
(e.q. ethylenediamine, or 1,2-diammocyclohexane) aU act as chelat- 
ing groups, o-phenylene diamine seems usually to be capable ot 

filling only one co-ordination position.®^ 

Where chelate rings involving double bonds are formed, the 
formation of six-membered rings is favoured. It is thus the 
d-diketones which most readily give rise to inner complex salts 
from their enol forms. The formation of larger rings is not com- 
pletely excluded : compounds have been described,®® ®® (V) and 
(VI), containing the succinato and sulphonyldiacetic radicals, m 
which there are seven-membered and eight-membered rings 


respectively. 

rCHa— CO— 


CH,— CO — 0 
(V) 


Co cn X 


[so,< 


CHj— CO— 0. 

^Co cn 

CHj— CO— 0/ 

(vi) 



Tridentate and Quadridentate Groups. — In addition to the 
numerous bifimctional chelating groups, there are a few compounds 
known which are capablo of filling three (tridentate ^oups) or even 
four (quadridentate groups) positions in the co-ordination shell. 

As tj’pical tridentate groups there may be cited tripyridyl, to 
which reference has already been made, and aji?y-triamino propane. 
These form very stable compounds with the 6 -co-ordinate metals, 
of the types [M tripy2]X„, [Co{C3H5{NH2)3}2lX3. In such 
pounds the co-ordinated group is probably attached in the 
positions, along an octohedron edge (VII), and not in the vicinal 



(vn) (vni) 

( 1 , 2 , 3 ) positions bounding an octohedron face, as is shown by the 
fact that the same tridentate groups readily fill three co-ordination 

Hielier, Schlieszinann and Ries, Z. anorg. Chem., 1D29, 180, 80; Hieber 
and Wagner, Ainiulen. 1025, 444, 249. 

C. Duff, J.C.S., 1921, 119. 385. 

Idem, ibid., 1921, 119, 1982; Slater-Price and Brazier, ibid., 1915, 
107, 1367. 

W. J. Pope and F. G. Maim, Proc. Roy. Soc., 1925, A, 109, 444 ; J.C.S., 
192G, 2075, 2081 ; 1927, 1224. 
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positions in the planar 4-co-ordinate complex, as in [Ft tripyCl]Cl. 
It may be shown, indeed, that such a structure is strainless only i 
the platinum atom and the whole tripyridyl molecule are coplanar. 
Inner complex salt formation by tridentate groups is also lmo^vn ; 
such compounds are formed, for example, by diethanolamine, 
NH(CH2CH20H)2, with divalent cobalt (VIII). 



X 


Few quadridentate groups arc known, since e } 
such co-ordination requires the fulfilment of specia ze 8 
conditions in order that a strain-free structure may ■ i 

behaviour of ^^'^''-triaminotrictliylamine as “ 
dentate group has already been referred to (p. ) . (jx) ■' 

into 6-oo^rdinate structures, such as the cobalt.c co-'I- 

A further example of a tetram.nine v;h.eh ,s able to funct.on 

as a quadridentate ligand, because of the flexi u i ^ . 

cular configuration, is alforded by trie j 

NH,.C,H,.Wc,H,.NH.C,H,.NII,. This forms a d.cbloro tetram 




(ixa) • 1 1 - ' 

mine cohaltic complex, and to be the Cis 

isomers of the [Co CU en ^ ca^on However, 

isomer (IXa) (or less probahl> (lAO)). since Jonassen 

able to wrap itself around four coplanar trien][PtCU] 

and Cull ’=> were able to prepare the Magnus salts [1 trienjL 

and [Pd trien][PdCl J. KoetB. 

” W. J. Pope and F. G. Mann. ^ 

Z. anorg. Chem., 1928, 170, 347. or>31. 

’*F. Baaolo. J. Amer. Chem. Soc..^ 70- 
’*J. Amer. Chem. Soc., 1949, 71, 4097. 
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Of particular importance are quadridentate compounds in which 
the prosthetic groups are maintained in the spatial positions appro- 
priate to a square planar configuration. This can be the case either 
because they are located in a larger cyclic structure, or because 
resonance in the organic skeleton of the ligand stabilizes a rigorously 

planar configuration of the whole. 

To the first type belong the metal derivatives of the porphyrin 
skeleton, which are so deeply involved in the vital processes of 
both the vegetable and the animal kingdom. Chlorophyll (X), 
and the hcemin of blood, contain the magnesium and iron inner 
complex salts of porphyrin derivatives, and the oxidation-reduction 
properties of the iron porphjTin derivatives, and related compounds, 
appear to underlie the complex phenomena of biological oxidation. 
In porphyrin, as in the phthalocyanin structure referred to previ- 
ously, the co-ordinating group forms a rigid planar structure of just 
such dimensions as to accommodate a metal ion. Structures of 
this type are attended with very ^eat stability. Some of the 
metal phthalocyanines may be sublimed at a high temperature ; 
in the case of the copper compound, the complex salt is stable in 
the vapour phase at 500®. 
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C Oil 


CII, 1 I 
1 CH — CO 
CII2 1 
I CO2CH3 

COj-Pliytyl 

(X) 


CH,.C — 0 


0— C.CH. 


CH 

\ 


V 


CH 


CH3.C-N 


\ / 

Cu 

N^C.CHa 


CH, 


(xr) 


CH. 


Similar great stability is shown by derivatives of quadridentate 
groups that fall rather into the second tvpc. Thus the ethylene 
diimino derivatives of o-hydroxy-aldehydes {e.g. salicylaldehydc) and 
of /^Mliketones form some remarkably stable imicr complex salts. 
The copper salt of bis-acetyl acetone ethylene diimine (XI), for 

'* G. T. Morgan and Main Smith. J.C.S., 1925, 127, 2030. 
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example, may be heated almost to redness without suffermg 

made elsewhere to the 

dipyridyl and tris-pyridyl, which function as neutral •‘“e^ ^ 
not as Lier-complex forming reagents. The gr^t stab^ty of the 
complex cations formed by them is undoubtedly “nn c cd w‘th 
the planar configuration imposed by resonance G. 

F. a BuretaU - isolated, by pyrolysis of 

highly condensed compounds, mcluding the > i ^ 

(XII), which can form co-ordination 

metals. Thus, with silver nitrate it forms [Ag 1 " ’ ^ j 

[Ag dipy.lN 03 , tins is not oxid.^d by_ P^^'Pf ‘^1, Zn arLni 
bivalent silver. The bivalent metals he , Co , in , , 

compounds of the general formula [M ^rev-green 

pink cobalt (ii) complex is very readily “f ^“..Crily be 

tetrapy Cl^lCbSH^O Ihc 

the trajis compound Ain, smce fnur conlauar 

pyridyl molecile requires that it be wrapped around four copla 

co-ordination positions. 



Sexadentate Groups.— Some syiitlLizid 

lave been described by thetic groiip.s (two acidic and 

irganic compounds contiiinmg s- I j space for them to 

bur pure donors), all appropriately disposed 

inter the co-ordination ^ /• > ,.^y be denoted as SHj) 

ialicylaldehyde derivative (XI ) (w ' metals (Zn, Cu, Co 

forms inner complex are non-electrolytes soluble 

and Ni) — of the formula [MS]. • orange-red cobalt 

in organic solvents such \ air to a cobalt (iii) complc^ 

complex. [CoS].3H.O. IS oxidized 

of intensely dark green colour, that this complex could 

can be isolated. Dwyer and Lion.s jjul,,bonic acid into stable 

be resolved by means of d-broinocampbor suiplmn 

« J.A.C.S., 1060, 72, 1645. 

w 


1938, 1072. 
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optical isomers, with extraordinarily high molecular rotation. 
Thus [CoS]+ has [MjfJoi = ± 50,160®, and the corresponding 
derivative of a-hydroxy /5-naphthoic aldehyde has a molecular 
rotation of over 73,000°. It follows conclusively that the chelating 
radicle wraps itself around the central atom in the manner sym- 
bolized by (XVa) and (XV6), with the 0 and S atoms in cis positions, 
and the whole radicle constituting a right-handed or left-handed 
spiral. There are a few other kno^vn compounds which should be 
capable of filling six co-ordination positions in a similar interesting 
manner. 



CH=N 








Polynuclear Complex Salts. — Reference was made, in dis- 
cussing the stereochemistry of the cobaltammines, to the class of 
polynuclear complex salts. In these compounds, the co-ordination 
shells of two or more metallic atoms are joined by the sharing of 
one or more ‘ bridge ’ groups — such ns the —OH groups in the salts 
already referred to. In the case of G-co-ordinate complexes, it is 
plain that a corner, an edge, or a face may be held in common by 
tv. o co-ordination octohedra, corre.sponding to the existence of one, 
two or three, but not more than three, bridges. Compounds of each 
cla.ss are known, and will be referred to in the following section. 

.iVny neutral molecule or aiiiou which is itself co-ordinatively 
unsjiturated may act as a bridge group. It must be emphasized 
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that the distinction between the role of f ^ 

ordination and that of molecule occupies one place 

matter of convenience. The a^oni maximum. 

in the co-or(^ation . the old conception 

four, of the nitrogen atom is there y . salts, 

of the close relation between the In the same 

emphasized by Jorgensen, was ^ ^^Tvppn is three as in the 

way. the "er can form only one 

oxomum salts [RsOlX,^ toat te 

removed, formmg amido- or h> l^ecome co-ordinatively 

M-OH, the nitrogen and additional co-ordinate 

unsaturated, and are then capab thereby act as bridges m 

linhs with other metalhc atoms. y 

the formation of polynuclear complexes, e.g. 

r /Uxl' 


CU2 





OH 




Co eu 


Cl, 


[(H.O^Co-NH.-^CO(^,Jc1.; ^ 

^ O — sulphate — O-SO-^.U 

The nitro — NOj, pero^ O2 . g also enter into the 

acetato — O.C(CH3) : 0, and other S [ , and 

formation of bridges, producing chLnistry of these poly- 

(III) below. The somewhat .^t^Jively worked out 

nuclear cobalt and chromium ainmmes was extensive y 

by Werner.” 

■(NO3) 


eii-Co< 

\no/ 


Co eu. 


CI4 


/NH; 

(NH3)4C<^0. 


Co(Nn3)4 


/ 


(I) 


(n) 


[(NHalfiCo— O 2 — Co(NH3)&](N03)i 

(III) 


Polynuclear polynuc^^^^ cobaltiimnines, 

sidered, which serve as the Ih^ o P compounds of the 

the halogen atoms act as bridging ^ platinum metals. Indeed, 
transition metab. and ospecally Cl (or Br) and 

the formation of polynucl^r P importance in several 

OH bridges is a structural principle of some p 

fields of inorganic chemistry. .,,‘counts for the cxist- 

Amongst tL simple halides this prmcii h accom^^^^ 

ence of dimeric hahdes of gold, a "J*” . ^ typo MaXo- The 

chro mium and other metals, aU co o |. ■ ijalidcs, for example, 

molecular complexity of alumimum . measurements. The 

has been established by vapour 

« Annalen, 1910 , 375 , 1 . 
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molecular weight of gold bromide has been determined in benzene 
solution.’® AU these compounds are shown by their volatility, low 
electrical conductivity and their solubility in organic solvents to 
be non-electrolytes. From the crj^tal structure of aluminium 
bromide and from electron diffraction measurements in the 
vapour of aluminium halides it is evident that these compounds 
are correctly formulated as the bridged complexes (I), which can 
be converted into their electrolyte form only by an essentially 
chemical process of hydration and fission : 

)m; /M( > 1 ; [M(H,0)e]Cl3 

CK ^Cl/ ^C1 CK 

(0 

If an appropriate relationship exists between the co-ordination 
number of the metal and the formula of the stoichiometric unit, 
the ])roce.ss of halogen bridging may proceed further, to build up 
infinite polynuclear complexes, which enter as structural units into 
the crystals of the compounds concerned. 

Thus, in palladous chloride [PdClgloo* palladium atoms, each at 
the centre of a planar square of chlorine atoms, are linked through 
the chlorine bridges. The .stereochemical requirements and the 
valeiicv r»f palladium are thereby satisfied. Infinite strings (II) 
liaving the nett composition PdCU therefore exist within the sohd, 
and these react, or are dissoIve<l by the action of polar molecules 
as shown bv the .schemes 

9 



wlnTf X - ^ IKO, Cr, etc. In general, the fragments so stabilized 
ar<‘ tnononnelear or ))inuclear complexes onlj*. 

'I'lie same kind of * inorganic liigh polymer ’ structures exist also 
as <-omplex anions in a number of double halides. Thus the bivalent 
im-ta!s Zn, Cd, Hg and 8n usually have the co-ordination number 6, 


lUiruWoy and Gibson, J.C.S., 1035, 217. 

and MacGillivrav, liec. Trav. Chim., 1945, 64 , 276. 
Palmer and Elliot, J.A.C.S.. 1938, 60, 1309, 1862. 
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which is attained in the double salts K.[MCU] by halogen bridging 
(III), to form chains of co-ordmation octohedra. 

Cl Cl Cl 1271 

f 

1 "'c/ 1 ’■'■c/ 1 "'Cl 

Cl Cl Cl 

(III) 

Comparable chains, but doubled and 

anions. Complex anion-s of in water, 

the soUd crystalline salts. hei y 

double halides of these types must - g essentially different 

ponents, or else form solvated comi * * behaviour 

from those which bujld up *'^J= “ ,vl,ieh the stereochemistry 

IS to be contrasted With KatPtUjJ.c ^ solutions 

permits of the same discrete complex amon both m 

and as structural units in ^ iiivc rise to several 

The reactions of PdCl, PtCl., e«pee a^ fc.« n 

types of complex halides wluch mus e - finite [MCUloo 
structures. The first stage in dcgrac ing IMCU, formed 

X1S,.;T5- 

[PdCl4]*-. 


Pd^^' 

Lci^ ’^ci^ 

(IV) 


(A.II): 


There is an extensive series fd ^ P(OCHa)3, P^a. 

formula PtCl^.X, m which X 3. I ^ lloscnhcim 

C*H4, etc. (R = alkyl groups). VnXrson*^ for PtCU.C^H^, 

and Lowen for PtCl2.P(OCll3)3. Y ^ palladium compounds 
and by Mann and Purdie - for -f;;f,reoCund« 

of alkyl phosphines and arsines, tha geometrical isomer- 

dimeric. Hence, apart from ' . v be fownulated 

ism which will be discussed more tu y J • these compounds 

on a common plan only if it ia “^;:"‘“i‘'“V™dla,liu.n atoms (V). 
two chlorine atoms bridge the pU n jjJ,,, complexes referred 

The structure of the platinum »«'! P^X,ild exrit one ui.sym- 
to above must be planar, so that there stioiii 

,r.^o -in4 • 1905, 43, So. 

Z. anorg^ Chem., 1903, 37, 3 

•*J.C.8., 1934 , 971 . 
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metrical form (VI) and two symmetrical forms, (VII) and (Vill) of 
each compound. In no case are such isomerides known, but the 
palladium compoimds display a remarkable tautomeric equilibrium 
between the possible forms.®* 

Ci^ \0i/ Nr 
( v) 



CV ^CK ^C1 Cl'^ ^R 

(vm) 


(VI) 


•Cl- 


The remarkable structural mobility of the palladium compounds 
has been demonstrated by a wide variety of reactions.®® Some of 
these, such as the reaction of the alkyl phosphine compounds with 
dipjuidyl, apparently confirm the unsymmetrical formula, since 
they yield products in which the two alkyl phosphine molecules are 
attached to the same palladium atom — e.g. (A). 

(A) [(BujPjjPdCljPdClj] [(BujPjjPdCy + [PdClj.dipy] 

On the other hand, the same compounds may also give apparently 
unambiguous evidence for the symmetrical formulse (VII) or (VIII). 
Thus with aniline, the tetrachloro bis-butylphosphine compound 
undergoes symmetrical fission, as in (B). 

Cl 


(13) 


"“Npd<">Pd< 

NC'/ N 


Cl- 


PBu. 


Aniline 
>. 2 


BUgP. .a 
Cl/ 


NTTg-CgHs. 



NH, 


2[(Bu3P).Pd(NH3)3]CIa ^ 2 


BU 3 P 


NH. 


PdCI 


2 


111 general, the arsine compounds react only in the unsymmetrical 
form : 


[(BuaAsl.PdClgPdCU] 


[(Bu 3 As) 3 Pd(N 03 ) 3 ] + K 3 [Pd(N 03 )J 

[(Bu3.'U),Pd(NH3)3]Cl3 + [Pd(NH3),]Cl3 
► [(Bu3As)3PdCl3] 


W ith cthyleuediamine, the phosphine tetrachloro compound reacts 

•"* Maim and Purdio, J.C.S., 1936. 873. 

See, for example, F. G. Matm, Chem. Soe. Ann. BeporU, 1938, 35, 160. 
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in either form, according to the solvent used. In alcoholic “hition. 
the compound behaves as if possessmg the symmetrical 
whereas in benzene derivatives of the unsymmetrical form are 

produced. 


BUgP^ 


Pd 


/CU /Cl 


L Cl 






PBu 


3-1 


cfi in 

> 

EtOB 


Bu,P 




en 




Pd 



Cl 


Civ /en 

^PBu^ 
2 [Bu 3 P.Pd en C1]C1 



cci In 
J 

C-H, 


BuaP 




Cl 


lBu.P 




Pd 





,eii 


enj 


CL 


LsuaP Vi ^ [(Bu 3P)2P<1CU] + englClg 

In view of this great mobility between the symmetrical and 

uiymmetrical forms, it is not surprising 'Sk s ym- 

geometrical isomerism between the two theoreticaUy possible sj m 

metrical forms (VII) and (VIII) suggest that the 

At first sight, the balance of ^Lymmetrical 

*h" riv » i .ij srsi'ra 

-a::: 

formation of their derivatives ud as could exist 

tautomeric equilibrium is sot up m the solutions, suci 

only in truly mobile systems 


ch/ 


EtS 


'u /Cl 


CH 






Pd< 

^C1 


EtS 


McoAs 





Pd« 




.Cl 

Cl 


1 McoAs 


(x) 

^ ^ 1 • I ^ tills condition is luliilled, 

Mann and Chatt found evidence that equilibrium 

since the “ercapto-deriv/ive (^X ) fc compound (XI1).« 

mixture of the simple , .cell be connected with tlic 

The behaviour of these compouii ^ „ even of the simpler 

known instabiUty of the geometrical isomers 

palkdium complexes ^ .„u|,st the 

There is as yet no cyciuicc nossiblo that the various 

analogous compounds of platinum. I * to the 

forms of these would exist as stable isomei-s. corresponomg 


•• Naturet 1938 142* i09- 


J.C.S., 1938, 1949. 
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much greater stability of cis-trans isomers amongst the platinous 
ammines than amongst the palladous ammines. 




CK ^ Cl ^ 

(XI) 


a 

I 

^PBuJ 


1 



UoP. /CL /Cl 

' >d/ >d/ 

^ ^Cl^ ^PBa. 


Cl 






Cl 


+ I >Pd/ >Pdy 

CK ^SEK ^PBu. 


(XII) 


A particularly interesting group of polynuclear halides is formed 
by the lower halides of molybdenum and tantalum. Molybdenum 
trichloride and tribromide undergo disproportionation when they 
are heated in an inert atmosphere,®® forming the so-called dihalides. 

2M0CI3 ^ MoCli + MoCla 

The dichloride so formed is insoluble in water, but is soluble in 
alkalis and in concentrated hydrochloric and hydrobromic acids. 
The chloride is also soluble in alcohol, and from its molecular weight 
in that solvent, determined ebuUioscopically,®® it was concluded that 
the compounds must possess the tripled formula, M03CI* and 
MogBre- 

The trimeric formula accords also with the chemical evidence,®® 
since the addition of acetic acid or of ammonium chloride to the 
solutions of the dihalides in caustic alkali precipitates well-defined 
hydroxides — e.g. I\Io3Br4(0H)2,8H20. These hydroxides are soluble 
in acids, and give salts — e.g. 

MogCl^Brj-S and BH^O, Mo 3 Br 4 S 04 . 3 HaO 
M 03 CI 4 I 2 . 6 H 2 O Mo3Br4F2.3H20 

It is clear that two of the six halogen atoms arc mobile, and may 
be ionized, the rest being bound in a polynuclear cation. It is 


HjO 

CL i /Cl 
Mo< >Mo( >Mo 

^CK I 

HoO 
(xni) 


X 


Cl 


Mo< >Ik 
\ni/ 


/Ck 

o< >Mo 


^Cl^ 


Cl 

(XIV) 


ss Bloinstrand, J. prakt. Chem., 1867, 71, 449; 1859, 77. 88; I8G1, 82, 
433; Btr., 1873, 6. 14G4. »» £cr., 1898, 31, 2009. 

Lindner, Ber., 1922, 55, 1458 ; Z. anorg. Chem., 1923, 130, 209 ; Rosen- 
heim and Koliu, ibid., 1910, 66, 1. 
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significant also that all the salts are hydrated, and according to 
Ladner, two molecules of water are bo.md m the complex ion 
which may perhaps be formulated as (XIII), derived from t 

original ‘ dichloride ’ (XIV). cnlnfinns 

The addition of halogen acids to the caustic alkalme so hitions 

of the chloride yields compounds of a second tpe 

alkaU salts of trinuclear acids. There are obtained m this way 

[Mo3Cl,tKii.2H,0 [Mo3Cl3Br3]K3.3H30 [Mo3CIJ,]K3-3H30, 

while from the hydrochloric acid solution of the ongmal dichlonde, 
the complex acid h^OJH.SH.O 

and its nvridine, ethylencdiamine, and aniline salts may be obtained. 

of unusual ^torsooboKiical configu ^ ,„olyl,deiiuiii atoms, 

complex is shared, as a bridge, b of a cube the 

If the chlorine atoms centre of 'each 

molybdenum atoms are then lo . J . Although the 

cube face, the whole buildmg p . i,^ this model, it 

metal atoms appear comiioun.ls the halogen 

may be noticed that in each of together with water of 

atoms outside the Sufficient to provide a 

hydration (or hydroxyl group. ), molybdenum atom, 

total co-ordination number of 5 ^ ..^.tated in terms 

On this basis, the older chemical resu cm ^ 
of Brosset’s model, as is summarized m the lf>lio«ing 

lic'j 

V r(Mo«a8)Ci6(H20)«]H2 — — 

[{MO6C18)C1b(H20).,]K2 

[Mo^ClslCl, ^ 

^^^^^[(MosClfl)(OH)6(H20)e]K2' w*-' 

/ AcOlI 

[(Mo.C 1.)(OH)3(H30),].8H30 — - [(Mo3Cl3)X3(H30).] 

Related to these coniP^unAs ^ arc • compound, s 

tW3Cl,]H.4H20 prepared by HiU ani 

Arkiv Kemi 23’8^'^ U- I>intlner, ref. 90. 

•»J. Amer. Chem. Soc., 1916. 38, 2383. / 
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fiist obtained by Chapin and reinvestigated by Lindner.®^ The 
latter compounds were obtained by reducing tantalum pentachloride 
with metallic lead at 600°. By extracting the melt with hydrochloric 
acid, a dark green crystalline compound, Ta 3 Cle.HCl.‘iH 20 , is 
obtained, which loses only below 200°. One molecule of 

water is thus constitutional, and the substance is presumably an 
acid with the anion [TasC^.HaO]', corresponding to that of the 
molybdenum chloro-acid. In this anion, one chlorine has unique 
properties, since if hydrobromic acid or sulphuric acid be used for 
the extraction of the original melt, the analogous compounds 

[TagCUBr.HoOlH and [Ta 3 Cl 6 S 04 ]H 2 

are formed. By the action of pyridine, salts are formed, with the 
simultaneous replacement of the water inside the complex, giving 

[TaaCl^.CsHsNKC.HsNH) 

While this interpretation of the reactions has been contested by 
Ruff and Thomas,®* it is probably to be accepted as being in best 
accord with the co-ordination theory, and with the analogous 
compounds of molybdenum. It is very suggestive that the deriva- 
tives of all three metals can be interpreted in terms of a common 
tyj>e of polynuclear structural unit, [AgClal^*’. 

Prussian Blue. — A striking illustration of the manner in wliich 
the requirement of attaining the stable co-ordination number may 
bring about the polymerization of inorganic compoimds is afforded 
bv Prussian blue and the compounds related to it. The key to 
the constitution of these compoimds, which has for many years 
been in dispute, has been supplied by the X-ray analysis of their 
structoro. 


Substances t-ormeil a, and y soluble prussian blue have been 
described in the literature. In reality all these compounds are 
insoluble, (Uffering only in the ease with which they may be dis- 
jjcrsed colloidally, and they arc actually identical, with the general 
formula RFe[Fe(CN)g] {where R = an alkali metal, usually K). 
Since soluble prussian blue c.m be formed either by the action of 
buruns salts on ferrievanides, or of ferric salts on ferrocyauides, 
ihr formula might be ^\Titten either as KFe”‘[Fc"(CN)g] or as 
K Fe"[Fo"*(CN)Gl. The chemical evidence is conflicting.®® Thus, 
Uimi hydroxide converts prus.sian blue to ferric hydroxide 


• J. Am^r. Chon. .So,-., lUlO, 32, 324. 

■ 'kr.. 1922. 55. l ioS ; Z. (inorg. Chem., 1924. 137, (50. 

• /'.vr.. 1922. 55. 1400; Z. nnorg. Chem., 1925, 148, 1, 19. 

rf. K. A. Hofiaium eJ nl., Annakii. lOO-l, 337, 1 ; 1907. 352, 54 ; Eibuer 

and Gcrstacker, Chem, Zlg., 1913, 37, 137, 178, 195 ; Mullor, ibid., 1914, 


38, 281, 328; Woringer, J. j)raki. Chem., 1914, [ii], 89, 51. 
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and sodium ferrocyanide. whereas ammonium 

ammonium ferricyanide. EquaUy ambiguous 

Prussian blue from ferric ferricyamde. Fe“‘[Fe {CN)„], by red 

t^eitber with hydrogen peroxide (which reducia femcyamdes, 

but not ferric ironf or with sulphur dioade 

iron but not ferrioyanides) . The chemical identification <7 

blue as a ferric ferrocyanide derivative seems to 

however, by the fact that the formaUon o so u p rp„(ONl 1’" 

is a slow reaction, which is accelerated by the ><>“ 

and [Fe(CN).]‘-, but retarded by ferric ions. This last 

only be ^ 4toe of their role in removmg ferrocyanide by the 

equilibrium reaction 

Fea+ + [Fc(CN)c]*" ^ + {Fe(CN)e] 

An examination of the hterature relating 

suggests that in addition to Fc^N)"] other heavy metal 

insoluble ferrous fcrrocyanides r xi,-:- colour and 

compounds, must be differentiated, m -^“/[.^tya^de” e.,. 
insolubility, from the true salts. Ibc I soluble coin- 

the alkali salts and Ca 2 Fe(CN)o— are >e o\ , ^ ainmines which 

& bt« in.il. 

cSf.(CnL 7 .«H.O (■"'“"t 

simple salt is proved by its rcacti fcrrocyanides, 

Thus, on boiling with ^^olutions K - Ua, Sr, Da) 

the well-crystallizcd salts K[Culc(CN)6j ( aiiunino 

are obtained, while with (CA'l I 11 O is formed. 

Cn,Fe(CN)..4NH3.H,0 or tonnulatcd 

The original copper ferrocyanide shouW there 
as [Cu(H,0).][CuFe(CN).P or blhiO^^ix.^^ 
nuclear complex amon [Cur c(t/iN)6i > i 

of ferrous ferrocyanide, or of prussian i.ines Is rcvcaleil 

The nature of the complex au‘o"> !7miiid.s may be regiirded 

by Keggin’s X-ray analysis.”’ A1 e “^^.1^ g,.ee,i, 

as derived from the structure of f 

Fe[Fe(CN).]. This has a cubic e-r) stal ‘‘“'c represented in 

of 6-1 A side. A cubical block of eig ‘ .soluble priissiaii 

Fig. 29. A. for compartsou '''‘7' former con, pound (Fig. 29, /i), 

blue and ferrous ferrocyanide. I'' *- ^ , essential skeleton is 

which is also cubic, with ^ ^ ’ ^ju^ed to the ferrous 

preserved but alternate iron An alkali metal 

state ; the cell dimensions are thereby doublui. 

•’ Nature, 1936, 137, 677. 
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ion is inserted in every alternate small cube giving tbe formula 
KFeFe(CN)g. In ferrous ferrocyanide, all tbe iron atoms are 
reduced to the ferrous state. The cell dimension is again 5*1 A, 
and every small cube is occupied by an alkali ion as is required 
by the formula K 2 FeFe{CN )6 (Fig. 29, C). The iron atoms of 
Prussian blue cannot be distinguished as ferrous and ferric ions ; 
it is far more likely that they are equivalent, and that the valency 
state and charge distribution are evened out by a resonance process 
in the way discussed elsewhere in this chapter. With this view 
the bronzy lustre and deep colour of the pigment are in full accord. 
Precisely the same structure, apart from minor differences in 
lattice dimensions, is found in the cupriferricyanides MCuFe(CN)a 
and in ruthenium purple,®* MFeRu(CN)a ; in each case (ferrous) 
iron is substituted atom for atom by the second metal. 




B 

Fig. 29. 



The position of the cyanide groups was not determined by the 
X-ray analysis, but the following considerations dx them with 
certainty, and lead to the important conception of supercomplex 
formation. This arises from the fact that the (CN)“ group as a 
co-ordinating unit is double-ended, as has already been seen, and 
could co-ordinate by means of either its carbon or its nitrogen 
atom. In the ferrocyanides, the evidence of alkylation suggests 
that the carbon atoms are attached to the central atom of iron. 
The nitrogen of each cyanide group can then co-ordinate with 
another heavy metal atom (I’.e. a cation) to fill one co-ordination 

\i I / 

position . . . -yFe — C^N — — . Each [Fe(CN) 5 ] anion then 

/i t\ 

becomes surrounded by six attached cations, and each cation by 

J. L. Howe, J. Amer. CA^m. Soc., 1898, 18, 981. 
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six [Fe(CN) 6 ] groups. The whole builds up an infinite three- 
dimensional network identical with that found by Keggm. The 
uni on of ferricyauide ions with ferric cations then gives Berlin 
green ; that of ferrocyanide with ferric or ferrous ions gives super- 
complex anions which we may denote non-committaUy by the 
structural units [Fe“>[Fe"(CN)e]]- and [Fe"[Fe"{CN),]]“-. respec- 
tively. The former, as Da\ddson has suggested, »» may convem- 
ently be termed berlinic acid, and the soluble prussian blues are then 
berlinates. The action of excess ferric iron on a 
then be represented as forming a ferric berhnate Fe[l?e[l?e{OiN)e b. 
rather than a true ferric ferrocyanide Fe4[Fe(CN)6l3 as is usual y 
written, while an excess of ferrous iron with a ferricyauide similarly 
gives Fe[Fe[Fe(CN)6]]2 rather than true ferrous ferricyamde. 
In this way, the formation of alkali-free pruss.aii blues is 

In^he^heavy metal ferrocyauides wc have exactly comparable 
heterometaUic supercomplexes ; the copper comiiound for example 
being ll2[Cu[Fe(CN)e]]. Where, however, the second metal atom 

has a co-ordination number less than six, the 
must conform to a less simple type. Thus, zinc ' 

nominally Zn2[Fe(CN)6]. reacts with potassium ferrocyanide to forin 
K,Zn3[Fe(CN)8]2- Zinc, with a valency of two, has a co-ordmation 
niLber of four Hence, on the average, two ferrocyanide residues can 

form a supercomplex with three atoms of 
making the formula of normal zinc ferrocyanide 

The cuproferrocyanides are similarly constituted. Silver f^^^roc} an 
ide gives rise in the same way to KAg3[I‘c(CN).]. Here, since silver 

ZTL 'XLn numb/r (usually) of two, 

has the formula [Ag3[Fe(CN)e]J-, and the normal silver salt, 

Ag4[Fe(CN)e], is probably Ag[Ag3[Fe(CN)ajJ. 

The existence of such supercomplcxes provides a clue to the 

understanding of a number of anomalies m the complex 

of metals other than iron. This was pointed out '’T 

Reihlen and Zimmermann,'"» although thes_e “f 

formulate the structures concerned upon a au ^ ^ 

action of a deficiency ^^“^“tnl'p'irrcal 'formula' KiMn(CN)3. 

T&rw h^nr^Td :l 

ferrous potassium can probably ho 

s:w:!:!riiar'y‘^.rs:!l^.h'^iui’sia 

” J. Cfiem. Education, 1937, 14, 23K. 2//. 

AnnaUn, 1927, 76- 

>•>» Z. anorg. Chem., 1914, 84, 208. 
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it is possible that— as Strbmholm suggested— there is a polynuclear 
anion 



which constitutes an intermediate stage between a simple complex 
cyanide and the supercomplex structures discussed above. 

Polynuclear Compounds and Anomalous Valency. — In the 
cases considered, the metallic atoms serving as co-ordination 
centres have been in the same valency state. If, however, two 
atoms of differing valency may form a polynuclear complex, the 
principles applied in the preceding sections may be extended to 
explain certain cases of anomalous valency. 

Thus, a number of compounds of seemingly trivalent platinum 
and palladium are known, in which the metal apparently has the 
co-ordination number 5 . To this group of compoimds belong 
Jorgensen’s (NTl3)(CaHsNH2)PtBr3,^®® and the similar substances 
(NIl3)(C5H5N)PtCl3 and (NHgloPdCla.^^^ which are formed by the 
mild o.xidation of the corresponding diammine platinous salts. 
These compounds are undoubtedly non-electrolyte complexes, and 
thev possess strikingly deep colours — e.g. the palladium compoimd 
cited is black. Drew, Pinkard, Wardlaw and Cox tentatively 
formulated these comi)ounds wdth metal to metal bonds, as in (I). 
It appears to be a general principle, however, that covalent links 
are never formed between metal atoms. This type of formulation 
may be avoided, as was pointed out by Manu,^°* if the compounds 
are regarded as constituted as (II), (HI), in which one quadrivalent 
and one bivalent metal atom are hnked by the Cl bridge. The 
.states of the two atoms differ only in that the one possesses two 
electrons more than the other ; in such a case, a state of ‘ resonance 
miiy be set up, in which the electron density distribution is statis- 
tically evened out. AN’here this kind of possibility arises from 
the j)resenee of atoms of the same element in different valency 
states — c.g. in PbjO^, Mo^Og, prussian blue, etc. — an intense 
colour frecpiently results. The trivalency of the platinum and 
palladium is tli\is only formal. Some support for the view here 
outlined is provided in that the related compounds [en PtCl3] and 
l(NU3)(KtNIl2)Prt.'!3] may be formed not only by the oxidation 
of the ('orresponding [)latinous compounds, but also by the direct 
eombinatioii of (on PtCl..] with [en PtCl4], and of 


J. prakt. Chtm., ISSO, 33, 489. J.C.S., 1932, 1013, 1898. 

Ibid., 1930, 873. Drew et al., ibid., 1936, 1240. 


CO-ORDINATION COMPOUNDS 
[(NH3)(EtNHo)PtCl2] with [(NH3){EtNH2)PtClJ. 

Cl Cl 


163 


Cl.NH 


Cl Cl 
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J 

![<a^ 

Cl 


Pt 


I “ "^NH3 

Cl 


(I) 


(n) 


Cl 


Cl 


NH 


3\i 


Pd 



Cl 




NH 


NH3^| ^Cl^l ^NH 


Cl 


Cl 


(III) 


A further case in which such a structure is probable is ^Jiat of 
\\T }£v * 1 If ) PtCU 2H2O, which is obtained by the 

po'lTwhlle Wofftram's salt in solution g-e the Caracter.stn 
reaction^ of both these substances. They 
merely a lattice compound of the plat, nous P'^ 

Drew and Tress showed that the salt is, indeed, larg y y 

JJrewand iress two-thirds of the chlorine being ionized. 

dissociated m solution, only two iiuiu „ ,tT.tp and 

It is probable °f„Vtbe sa.ne as 'the other ’co.n- 

‘in Sr ,5—. ,b."s t-- ” 

union of quadrivalent and bivalent p a inun 


Eta Etii 

Etn^ i /CL I /Etu 

Etn^ t X;i^ t "^Etn 
Etn Etn 

(IV) [Etn = EtNlI*]. 




.Br 


CI4. 4H2O 


(V) 


Br ,Pr 

mu.c^iK^iW 


Pr^ Br 

y>'“ 


hent 


Br 


"^"NIIaAlI.-NlV 


Au 


(VI) 


It 1 ' 1 11 f*cl) V cuiitiiiii^ both miiv iileiit 

A compound of gold whieh pcen described by 

and trivalent gold, joined co rVl loses two propyl 

"i^jzZXo 
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chloroform are heated, and the product of the reaction cannot well 
be formulated other than as (VI). In this compound, the aurous 
atom has the co-ordination number two, as in K[Au{CN)g]. 

In certain circumstances the presence, within the same molecule, 
of two co-ordination centres, differing in their valency and their 
stereochemical configuration, might give rise to novel types of 
isomerism. Mellor, Burrows and Morris believed this to be the 
explanation of a pair of compounds obtained by the action of 
diphenyl methyl arsine on cupric chloride. On the basis of chemical 
analyses, both the blue and brown forms were assigned the same 
formula (VII), representing a compound containing both Cu^ and 
Cu*^. Since Cu** has the square planar configuration, and Cu^ the 



(vui) (ix) 

tetrahedral configuration, such a binuclear complex might exist in 
the isomeric forms (VIII) and (IX). However, a fuller investiga- 
tion of the chemistry of these substances has proved that the 
two forms are neither isomers nor polynuclear complexes, but that 
they probably represent the cuprochloride (X) and the cuprichloride 
(XI) of the same complex copper (Li) cation. 

[Cu(0=As(CH3)(CaH6)2)4][CuCl2]2 [Cu(0=As(CH3)(CaH,)3)4][CuCy, 

(X) (XI) 

The analj’tical differences between formul® (VII), (X) and (XI) 
(wliich coiud not be isolated in the pure state) are relatively small. 

. is evident from such cases as this, and the supposed isomerism 
Jiinethyl tellurium iodide (p. 126), that in every case the relevant 
-einical evidence must be critically sifted before weight can be 
itached to supposed instances of stereoisomerism. 

THE NATURE OF THE CO-ORDINATE LINKAGE 

In the foregoing sections, the term co-ordination has been used 
as far as possible without reference to any special valency concep- 
Nature, 1938, 141, 414. R. S. Nyholm, J.C,S„ 1951, 1767. 
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tion., and without distinguishing between the ^ 

chemical valencies and of undirected elec ros . . ^ 

Reference has been made to the division o sa . 

Biltz into two classes, which may be typified y ® 

chloride and cobaltous chloride t Tat 

immediately obvious difference between t ese , i gjltj 
whereas the ammoniates and allied 

normal complexes) dissociate reversibly mto ^^“P”' 
hexammine cobaltic chloride and simdar m 

any reversible dissociation pressure <?f'‘“Ltion takes 
peLure at which complete irreversible 
whereby ammoiiia is oxidized in part o ni g 

Several lines of evidence, based on ^rthartathe 

and stereochemical considerations, co , j bomicl together 

‘ penetralirm ' complexes, the perLps periissible 

by true directed chemical val« and P;;j^P ,tion 

to identify the two classes postulated by 

of chemical and electrostatic bon ‘“S’ P .J j profitable to 

Before examining the f ^ the ta rCtii of complex com- 
consider the factors which promote possibility 

pounds, with particular 

of a transition between a purely elect 

type of bonding. the metallic ions of 

An examination of the distribution stable complex salts 

the ability to form hydrates, ^3^ amongst metals of 

shows at once that this tendency le greatest among 

small ionic radius. . . maximum distorting 

On Fajans' theory of ionic ‘ “ ;harge, acting on 

effect is exerted by small eations o charge similarly 

large, polarizable anioM. Sma in place of anions, polarizable 

promote complex formation, m > arc subjected to the 

dipolar molecules, such as ammoma - firmness with 

action of the central positive , within the co-ordinated 

which univalent negative j of their polarizabilities— 

complex foUows, in general, the oraer 

Cl < Br < CN and NO*. ^ therefore conceive of 

On the basis of Fajans th the limiting case, by 

a co-ordinated complex as boun b effect of the central cation 
electrostatic forces. A.s the po ^j^joh the mutual distortion 
increases, a state may be attamc over into a covalent 

U such that the electrostatic binding passes o ^ 
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linkage. We have this phenomenon illustrated by the multivalent 
metals, and particularly by cobalt, where the bivalent and trivalent 
states respectively exemplify the formation of the two types of 
complex. It is to be expected that the transition from one type 
to the other will be reflected in the chemical stability, optical 
properties, interatomic distances and other constitutive properties 
of the resulting compounds. 

It must be pointed out, however, that the co-ordinating proper- 
ties of ions are not determined solely by the ionic potential, which 
measures quantitatively the Fajans distorting effect. If this were 
so, the ability of the ferric ion to form complex ions would equal 
that of the cobaltic ion, while the aluminium ion should be the 
trivalent ion most given to the formation of complex compounds. 
Similarly, the cuprous ion should have as little ability as the sodium 
ion for complex formation. These are, in both cases, contrary to 
the chemical facts. It follows, therefore, that some additional 
specific factor must be involved, which confers on the metals of the 
tran.sition series an ability to co-ordinate with neutral molecules or 
anions out of all proportion to their ionic potential. From the 
quantum mechanical theory of valency, it would appear that this 
factor is the availability of suitable electron orbits (usually d orbits) 
for the creation of strong, spatially directed, covalent bonds. We 
have cbscussed in Chapter II the concept of ‘ hybridization ’ of 
bonds, whereby a number of equivalent bonding orbitals could be 
j)roduced ; the evidence that bonds of this type are actually 
respon.sible for the formation of co-ordination compounds is dis- 
cussed below. 

(a) Dimensional Evidence.— \M\tz and his school have sho^vn that 
the molecular volumes of solid compounds at low temperatures 
can be tn-ated as additive functions. The total molecular volumes 
nf [Co(NH 3 ) 8 ](no and of [Co(NH 3 )e]Cl 3 arc, however, practically 
identical, and evidence can be adduced that this is to be attributed 
to a contraction (i.c. a smaller effective molecular volume) of the 
ammonia in the luteocobaltic chloride. In the substituted cobalt- 
ammincs, the amount of the contraction is less, but still appre- 
cialde. 

Tlie rea.'i-n for the apparent contraction of anmionia in the 
luteocubalti-’. salt is revealed by the interatomic distances as 

measurctl b\- X-rav analvsis : 

• • 


i(:u(NIl 3 )o]C'l.> Co~ X .= 2-5 .V Radius of 0o-+ 0-82 .-v 
[Co(XH3)o]Cl3 1-9 A Co3+ 0-66 a 


It may be seen that there is a very considerable .‘shortening of the 
Co — N distance, which must imply the formation of a true chemical 
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bond between the two atoms. The Co— N distance in the hexam- 
^e cobTltic ioTis, in fact, roughly equal to the sum of the covalent 

bond radii of cobalt and nitrogen. ^ bv co* 

(6) Optical profoimd influence exer^d by co 

OTdiUL upon the colour of salts shows at once ^ 

ment of co-ordinated groups modifies the 

central atom. It is weU 

colourless-i-.e. have no selective J™. 

The coloured ions of the transition /as compared, 

weak absorption in the visible and near r „anv dyestuffs) 
for instance, with the very strong f ”^,aTtfo^-^ e. to 
which is generally attributed to for * ^ without change in 

the relatively improbable excitation o e spectra of the 

their azimuthal ./-levels • w^th^the transition 

rare earths, these involve the screen incompletely 

metal ions the spectra are due to * involved 

filled d levels which, on current ^ews,^are 

is likely to effect marked changes u by comparing the 

effect of stable co-ordination may be thc^scarlet of nickel 

red colour of the [Ni phenanthrolmea^ dissociable 

dimethyl glyoximc, with the life o- i fUe pink hydrates 
and ammoniates of bivalent coba 

yellow colour of the study of 

A second line of optical evid „aiiic complex compounds 

Raman spectra. . ■?**« ^“”°X“t,,eVractcri.stic frequency shifts 
makes it impossible to observe ui . •fa., have ho\vcver, been 

involved in toe Raman effeet. Kan^ co.nplex 

observed for a few compounds in J ^ 

cyanides K 3 [M‘*‘(CNy , tv They must be attri- 

ammines [Cu(NH 3 ).]X, and of a covalent 

buted to tbe characteristic observed (300-G00 cin.-^) is 

linkage. The magnitude of the single bonds, 

distinctly less than that observed yi 

(c) Magnetic Tan or molecule must 

presence of an unpaired to paramagnetism, 

introduce a magnetic moment, a Hund’s maxi- 

For toe metals of the first t^ans.t.on senes at h 

mum multiplicity prmciple was se calculated froni 

netic moments of the corresponding change in the ionic 

the resultant electronic spin. (ig jn-e formed must be 

magnetic moment when complex f occupied electronic 

associated with a change m the num 
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orbits, and must imply that a rearrangement of electronic orbits 
has taken place. 

If the susceptibilities of simple and complex salts of the transi- 
tion metals are compared (Table 3), the striking fact is apparent 
that just those compounds of 6-co-ordinate trivalent cobalt and 
ferrous iron, and of 4-co-ordinate nickel, are diamagnetic which 
would, on general chemical grounds, be classed as penetration 
complexes. It is plain that, in these, the electrons formerly dis- 
tributed amongst the 3d orbits according to Hund’s principle have 
been completely paired up, and no other inference can be drawn 
than that the orbits so made available are used for the direct 
covalent binding of the co-ordinated groups or ions. A clear line 
of demarcation is thus drawn between these compounds and the 
chemically less stable ‘ normal * complex salts in which the full 
paramagnetism of the central ion is unchanged. In these there 
can be but little interaction between the electron systems of the 
attached groups and that of the central atom, and the bonding 
forces can therefore be regarded as chiefly or entirely electrostatic 
in character. 


Table 3 


Compound 

Pa. Bohr magneiona 

Tea, 

6-23 

[Fc(NH3)6]C1, 

5-25 

[Fe dipyridyblCIs 

(Diamagnetio) 

FcjlSO,), 

5-86 

K,[Fe(CN)e] 

ca. 2 

KdFc(CN),] 

(Diamagnetic) 

Fe(C0h 

(Diamagnetic) 

CoClj 

604 

[Co(N,HdJCl, 

4-93 

CCo(NH3)e]Cb 

(Diamagnetio) 

[a)(NH3)4CO,]a 

(Diamagnetic) 

Co2(CO)e 

(Diamagnetio) 

NiCl* 

3-42 

Ni dimethyl glyoximo 

(Diamagnetic) 

Ni(CO)* 

(Diamagnetic) 


The conception of co-ordination as an electrostatic phenomenon 
is probably applicable to all the hydrated cations (with the possible 
exception of the hexaquo chromic and cobaltic ions [Cr(HjO)«]®''' 
and [Co(H 20 )e]®'*', as is shown by the fair success of attempte by 
Magnus, Garrick and others, to calculate heats of hydra- 
tion and stable co-ordination numbers on purely physical grounds. 
Even with the hydrates and loose ammoniates, however, the purely 

Z. anorg. Chcm., 1922, 124, 289. 

““ Phil. Mag.. 1930, [vii], 9. 131. 

Cf. Bernal and Fowler, Trans. Faraday Soc., 1933, 29, 1049. 
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electrostatic binding probably represents only a limiting type, and 
it is likely that the co-ordinate link is in many cases a bond of 
‘ fractional order intermediate between a purely physical and a 

true chemical linkage. . 

id) Stereochemical Evidence.—TU stereochemistry of co-ordina- 
tion compounds imdoubtedly requires the assumption that they 
are formed by the operation of directed valency forces. The 
operation of electrostatic forces is necessarily undirected, so that 
the configuration taken up by any assemblage of particles so held 
together— for example, a hydrated metallic ion— must be dictated 
by symmetry, and wiU be due only to the mutual repulsion of the 
atta^ed ions or dipoles. According as four or six groups are 
arranged around the central atom, so the whole wiU assume a 
tetrahedral or octohcdral configuration. It has been seen, however, 
that around those atoms which form the most stable compounds 
of co-ordination number four the arrangement is not tetrahedral, 
but planar, and in this fact the operation of directed valency 

^°Ttoh^^cogcnt argument is found in the stability of stereo- 
isomers. In certain cases, the intcr-traiLsformation of stereoisomer^ 
during chemical reactions is known, but in general cis and trai 

series of both 6-co-ordinate and 4-co-ordinate show 

stable and distinct. Moreover, optically active complex salts show 
in many cases, little or no tendency for a^to-racemization That 

this Bho^uld be the case, especially with ^"1 nl has Z' 

pounds, seems to imply, firstly, that the co-ordinate link has con 

siderable directional properties, and secondly, that m solution t 

equilibrium 




between the complex ions, the free central ion 

ion, f.e. an aquo-complex) and the co-onhnat.ng “ahUitv of 

X lies far over to the left-hand side. Only so can the stability ol 
geometrical and optical isomers, towards isomemnition or racennza- 
rion be explalld" This .stability has been most f 

in the behaviour of the tris-orthopl.cnanthrolme 
Dwver and Gvarfas have found that the optical isomers ot the 

orln^g^ nt rls, [Ru phenan 3 ]X can be oxidized 
to the blue Ru«' compoun^, [I u 

raeemized. Indeed, when the optica y ‘ ‘L,ed 

again, the original rotation of tlie Ku Salts —If 

Isotope Exchange Experiments with ComP'';* 
there is an equilibrium established in the solution of a complex 

Nature, 194'J, 163, 018. 
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salt, after the manner of the general equation given above, it pro- 
vides a mechanisra whereby M atoms or ligand groups X might be 
exchanged between the complex ion and free M ions and X mole- 
cules (or anions) derived from the solution. Processes of this kind 
arc generally indetectable, but by using isotopically ‘ labelled ’ ions 
— e.g. radioactive isotopes of the central ion M — their occurrence 
can be observed. The stability of a number of co-ordination 
complexes has, in fact, now been investigated from this standpoint. 
In general the results harmonize with deductions based on other 
evidence, but some features are conflicting. 

Thus it was found that ferrous ions exchanged at a measurable 
speed with the [Fe phenang]*' and [Fe dipvj]** ions — a result which 
seems at variance with the stability of the optical isomers of the 
same complexes towards racemization. Manganese acetylaceton- 
ato, (Mil acac2],^*^ zinc acctylacetonate, [Zn acacj], and other com- 
ple.x zinc compounds have been found to undergo rapid exchange 
witli tlic uucompicxed radioactive ions. In the pyridine solutions, 
usc‘d to dissolve the compounds for the exchange experiments, it is 
possilile, however, that the chelate rings may have been opened, 
pyridine entering the comple.x. In that case, the results would not 
r»‘{lcct the true stability of the complexes. In aqueous solutions 
of chr<nnium complex salts, the system may be bettor defined ; 
reaction occurs between the hexaquo-cation [CrlHjOlg]®'^ and the 
complex under investigation. Menker and Garner have shown 
tliat in these circumstances no detectable exchange takes place with 
the [(’i(C'NS)s]'" or [Gr(C20j)3]'" ions, in accordance with the 
o{)tical .stability of the latter compound. [Cr(CN)e]'", however, 
excliange.s slowly, the time of half-change being about two days. 

'I'lie beha^■iuur of the hexamminc cobaltic comple.x has been 
.studiiHl with especial thoroughness, and it ha.s been shown that 
there is virtually no e.xohange, at the ordinary temperature, with 
other (‘obalt atoms , -resent in solution as the [Co(H20)e]^'’' or the 
aq cations. Tliere is, however, a slow and measurable inter- 
change (.") JUT cent eorni)lete in lOO hours) with the [Co(NH3)a]’^+ ion. 
This coulil Ik; tlie result of a reversible dissociation, but it seems 
lik(‘ly that tlu* e.sscntial .stej), an electron tran.^fer process, involves 
tin* coinj>l(‘x ion directly : 

+ [CL.nNll3)e]"^ ^ [Fo(NIl3),7- + [Co*{NH3)eP + 


““ Kiinm, K;imrtj. .•VUcii .-ind Xaliiiisky. J.A.C.S., 1U42, 64, 2297. 
Dn-luiianii, Z. physiLul. (’hun., 1949. 11. 53, 227. 

Lrvratlml and (Janur. J.AA'.S., 1949. 71. 371. 

J.A.C.S., I94‘l. 71, 371. 

.•>. A. IldshdWfikv. O. (k Holmes and K. J. .MeCullum, C'ua. J. licsearch, 
1949. \i, 27, 258. 
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Evidence favouiing this view is to be found “ ‘’f.f P” cNn"-“n^ 
of iron between the otherwise exceedingly stable 
fFefCNl 1®" ions and in the oxidation of the [Ru phen 3 ] 
ilfwilu^ of optical activity, referred to m a previous 

^^E^e^ents, in which the ligands have been 

carried out by ^*“^7“'=. ^^ei^ ange betwe^ practically no 
amons and the radioactive ON . rFpfPV^ U" and 

M T- :^d\ht\rdTe:taWelssTiarion: Whh [Ag(CN) J 

and [Ni(CNK]",the rate is ^ou^ Tom 

by the instability constants of these ions, wuicn 

electrometric measurements^ 

Calvm and Di^ffield co^^ ^ 

exchange, when carefully stuoiea, lia-mds with any 

parison^f the co-ordmatmg power o / 

one meUl. Thus the rates of excban^e { l . , rcduc- 

salicylaldehydo ethylene ^ ^elow). The subtle inUu- 

tion potentials of the complexes (q. •. nrL»auic structures is 

ences arising from modified resonance 1 half-change, 

indicated by the difference between (I) (tunc oi n b 

= 37 hours) and (II) (H- = 2-1 hours). 


CH 


yC-\ 

CH CH 


CH. 


/ I 


CH 


( 1 ) 


N=:0 

i: 


!H 


CH3 



(n) 


^ I inkaHe.— The first attempt to 

Theories of the clltronic theory of valency 

interpret co-orchnation m common to all mole- 

was that of Sldg^vlck. 1“® , metallic atoms is the 

cules or ions capable of be-g --ordumted maaibc ^ 

possession of at least one Ion p ^i,.,.yy that the number of 
the polynuclear complex ^uy one co-ordinating 

co-ordinate links which may be Y ^ . , ^yj^jjj^hle. 

group is never greater than ‘I- ;he co-ordmatc 

Sidgwick therefore advanced th . j type of bond, the 

link is a special case of the semi polar yi 

*« J.A.O.5.. 1946, 68. 657. . ^^.3 ei ; 204 el seq. 

“» EUcironic Theory of VaUncy. pp. 109 ei ee^j. . 



172 MODERN ASPECTS OF INORGANIC CHEMISTRY 

co-ordinated group acting as the donor, and the central atom as 
acceptor : 

H H 

H : N : + M — > H : N : M 

• • • • 

H H 

The application of this theory proved fruitful. It appeared that 
the formation of the most stable complex compounds corresponded 
in certain cases to the acquirement by the central atom of the same 
‘ effective atomic number ’ as the next inert gas, thus affording a 
plausible formal explanation of the stability and properties of such 
compounds. Thus, in hexammine cobaltic chloride and other 
cobaltammines, and in the ferrocyanide ion, we have : 

[Co(NH3),1^-^ 1 [Fe(CN) 3 ]*- 

Co*+’ 24 electrons Fe*+ 24 electrons 

6 NH 3 donate ... 12 6 CN~ donate ... 12 

Total E.A.N. . . 36 Total E.A.N. . . 36 

Moreover, as is discussed in Chapter XIV, the systematics of the 
interesting group of metallic carbonyls can be explained on the 
basis that the attainment of the ‘ inert gas configuration ’ confers 
stability on the compounds. It is especially striking that the 
compounds in which this condition is fulfilled are, without exception, 
diamagnetic. 

That the attainment of this configuration is not the governing 
consideration is shown, how’evcr, by the fact that in the equally 
stable 4'co-ordinate compounds formed by nickel, platinum and 
gold, the effective atomic number is two short of that of the next 
inert gas (Kr = 36, Rn = 86) : 

K 3 Ni(CN )4 Pt(NH 3 )jCl, 

20 electrons Pt^+ 76 electrons 

4CN~ donate ... 8 2 NH 3 donate ... 4 

2C1~ donate ... 4 

ToUl E.A.X. . . 34 ToUil E.A.N. . . 84 

IC£\uBr 4 

Au*+ . .76 electrons 

4Br- donate ... 8 

Total E.A.N. . . 84 

These compounds are also diamagnetic. Sidg^vick and Bose early 
.sought to correlate the paramagnetism of complex ions with the 
difference between the effective atomic number of the metal atom 
(reckoned as in the examples above) and the inert gas number, 
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considering this difference as equal to the number of 
electrons. The Sidgwick-Bose rule, which is tantamount to the 
assumption of the Hund multipUcity prmciple gives correct results 

for the complex salts of copper, chromium, '' 

but special od hoc hypotheses must be introduced to explain the 

diamagnetism of the planar 4-co-ordinate compounds ^om 

sidered. The successful appUcation of the rule may be illustrated 

by the following examples : 

[Ni dip>Tidyl3]^^- 
jijjj-i- , . . 2G electrons 

3 djp>'ridyl . 12 


[Cu(NH,)4]>+ 

Cu*+ . . 27 electrons 

4 NH 3 donate 8 


Total E.A.N. 35 . . 1 x n f A N — 36 = 2 unpaired electrons 

36 - E.A.N. = 1 unpaired electron E.A.^ . 2-83Bobr magnetons 

;:Sk ur-— , 

™. .b. ^ srrr ; 

taken as the essential criterion. lb Bnildinfr uo from 

electron-pair bond theory outlined . r neffative charge 

(а) It "involves an i-P-bab e a-mnu a^. n f^ne^a^^ 

on the central atom Thus, in theJCo^H3)d^__.^^ ,vhile each 

charge upon the cobalt atom is H- 

NH3 has an effective charge of + unit 

(б) The ‘ lone pair of as responsible 

for the formation of the --orebnate 

completed sub-level such as th 0 I electron of 

80 could not form the supposed bnk Jo oxci 

the pair would, in le act of co-ordination, 

readily be mvoked as the P perceived from a 

The answer to the ^‘^“f^S cLe of co-ordination, namely, 
consideration of the simplest poa 
the formation of the ammonium ion . 

II II 

H H 

■ 5a iKf»-cluctrunic with methane, and 
The completed ammonium ion is 1 

« 1 T n <i 10*14 1180: Chem. and Ind., 1935, OJo. 

Hunter and Samuel, J.C.8., 1944, now , 
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undoubtedly has the same structure. The hydrogen atonas are 
completely equivalent, and all distinction between the original s 
and p electrons of the nitrogen or carbon atom, respectively, has 
disappeared. Each orbit partakes of the s and three p orbits 
originally present, so that four hybrid [sp^] orbits are formed. 
These can each accommodate a pair of electrons shared with one 
hydrogen atom, so that four completely equivalent bonds result. 
This view, geuerall)'' accepted for the case of methane, must be valid 
also for ammonium, but the case of the co-ordination of ammonia 
to a metallic ion instead of to a hydrogen ion is, in principle, exactly 
similar. Here, again, it is not the direct donation of the 2s^ electron 
pair which is involved, but rather the reorganization of the levels 
of the nitrogen atom to form [sp®] hybrid bonds. The valence 
angles in the NH 3 and lIoO molecules are considerably larger than 
the 90^ angle between the axes of the p electron wave functions. 
.\s lia.s been pointed out by CouLson, this may be only partly 
attril)utable to the repulsion between the hydrogen atoms; an 
alteriiiitivc view is that in these molecules at least a partial 
hybridization of 2s and 2/) orbits has already taken place. The 
lone pair of electrons is, then, not an pair ; its wave function 
alreadv has something of the directional properties needed to form 
a bond with gooil ‘overlap’, and the promotion of one electron 
need no long(‘r be regarded as the necessary preliminary step in 
(•o-onlinate link formation. Owing to the different electron affi-uities 
of the metallic ion and of hydrogen, the [a'P®] bonds will no longer 
bo ecjuivalent. With ions of high electron aflinity- -c.^. heavy ions 

high valency, sueli as — the strength of the metal-nitrogen 

homl mav so far oulweigli the strength of the hyili*ogon-uitrogen 
honds, that the di.ssueiatiou into metal amide and hydrogen 
ion (u) proceeds more rea«lily than dissociation into metal ion and 
ammonia (b). 

-r 11^ (a) 

(M - 

-r NH3 (6) 

Paulini' lias developed quantum mechanical line,s a theory of 
the eonqilex eomjiounds of the tnuisition metals which aiiiouuts to 
a ih-velopiuent of Sidgwiek's electron pair bond theory.'-* In the 
lieas ier atoms, as was seen in ('hapter II, a certain overlapping of 
I iiere\’ levels takes plaie between the dilVereiit principal quantum 
L.'ioup-'. ill lilt' lirst transition series, for examph'. the 4*’“ levels 
I'l'conu* llllctl hffore aiiv of the ll(/ h*vels, and the variable valeucy 
of th>’ iransiti'in metals shows that the 3</ and 4s levels can differ 
little in eiK'igy. Where such a state exists, the normal quantization 

J. Amcr. Chem. 6'oc., 1931, 53, 1397, 3225. 
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can. on Pauling’s view, be broken down, and new hybrid orbits 
can be formed. It is possible in this way to obtain four or six 
equivalent orbits, according to the number of vacant orbits available 

In thrSrLition series, at least, the Hand rule of maximum 
multipUcity is foUowcd— i.e. as many orbits as possible are occupied 
singly before any pairing of electrons takes place. The striking 
change from paramagnetism to diamagnetism cn 
formation occurs shows that the process mvo ves e re 
of electrons so that pairing takes place throng ou . 
some orbits are vacated and made available for , 

Pauling found that, with six bond functions ^ ’ 

one s and three p bond functions— six With 

be formed, directed to the apices of a regu ar oc o .,,!(„i|iced 
four bond functions, two distinct coiifigijrations can be piodu^ 

depending on the symmetry properties of t le or < eauivalcnt 
Jee d and one s orbit, or three and one s > 

bonds arranged tetrahedrally may be made. , * 

one d orbit available, this can be combined J*; 
p orbits to give four new coplanar bon^, ire of these 

comers of a square. Each of the new orbits f 

ways can accommodate two electrons, whic m ^ 

4 b. b, 

Ae lelek^Sw^tfhybKd Uiplex-formb 

“te appUcation of this theory shows it to explah. *e experimen^^^^^ 
facts fairly weU, as may be seen from F.g. 30. 
ion. the electrons be paired up comp etely 

levels, two d orbits are made ava, lab e for ™ ““ 

4. and orbits. Six new o«‘<>l‘«lf'‘y-““dlomls^can2^^ 

be formed, and will 8"'” r-°io“n is diamignetic. The 

configuration. Hence, the [lc(0 U\ that the complex 

ferric ion has one electron less to start , .^^jj^tic and 

ion resulting from the same process must be 

should havo%, = 1-73 Bohr magneUms ; the orhZ 

for K 3 [Fe(CN)aJ is about 2 Bohi- magnetons, imp y g 

angular momentum makes a small contn u ^ 

Trivalent cobalt will be analogous to 
of the cobaltous compounds is particularly interesting. Here, m 
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order to make two d orbits available, one electron must be promoted 
to a higher (5s) level. It may be expected, therefore, that this 
promoted electron would readily be ionized off — that the true 
complex compounds of bivalent cobalt would readily be oxidized 


Fe*+ 

[Fe(CN),]‘- 

[Fc(CN).]>- 

Co**- 

[Co(CN),]*- 

[Co(CN),p- or 
[Co(NH,),]*^ 

Ni»-^ 

[Ni(CN)*]*- 

[NiPhtb,}»+ 

Cu*- 

[Cu(CN)4]*' 

Cu*-^ 

[Cu(NH,)43** 


(S)©©©©000000 



©®®©©oooooo 



®®©o©oooooo 



^©1©® 

®©©®®oooooo 



©®®®©oooooo 



• Occupied electronic orbit 


O Unoccupied electronic orbit 


Fio. 30. 


to the trivalent state. This is borne out by the strong reducing 
properties of K 4 [Co(CN)e], and by the large shift in the oxidation- 
reduction potential of cobalt in ammoniacal solutions. This con- 
ception of the promotion of electrons to make orbits available is, 
in some respects, a drawback to the theory, since it might similarly 
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be expected that nickel in its 6-co-ordinate complexes be 

easily oxidized to the quadrivalent state This " 

the Lae, although the paramagnetism of [hi 

it to have the two unpaired electron predicted. _ 

where the same rearrangement of the jd, 6s and p usually 
place. 6-co-ordination is rare in platinous compounils. and is usualli 

associated with the expected that by 

In the case of 4-co-ordinate compounds it may be seen that l^y 

pairing up the d levels of Ni-. one d orbit is 

the formkon of a planar diamagnetic complex \\ “c 

same rearrangement may be made by promo i g . 

(although trivalent copper is “‘iknown-see preceding para raph 

Ualent gold is found, as Gibson has pointed ^ ^P 

4-co-ordinlte complexes). The planar cupnc complex still ha.s 

unpaired electron, and so is paramagnetic. olectronic 

The cuprous ion Cu- and zinc ion Zu-, . “j'^^^ulv 

both have their 3d levels filled. They can ‘ 

4s and ip orbits, and must form ttoiii (hi 

ordinate comple.xes. .Tnu + and'zn^'i' nickel carbonyl, 

the state is iso-electronic NMth Cu and ^ - j 

Ni(CO)„ should be iso-electronic .‘X L 

Structure should therefore be tetrahedral, a 

FinaUy, in the Cr«^ ion, the 

the formation of bonds, place ■ derivatives 

are 3d and 4s, so that \_sd^] hybridization therefore 

of sexavalent Chromium, such as the chromate ion CrU, . 

to the quantization of the f meclianical theory of 

a manner not inconsistent with th q pcunlete and does not 

valency. Nevertheless tl- theory i ^^ iTunTsuaT properties of 

account satisfactorily .^^Vfm'Voninounds. These include, for 
certain groups of co-ordination I fPtClo.C.,H 4 ] 2 ,*"" 

example, the complexes formed . ^ ^ ^ ‘ ; i(.Le [PtCU-COJo 

K[PtCl3.C.H,CH:CH2l.-^ S. m XI V) ^and b} Pl^-c.r/. 

and the metal carbon>ls (sec P - i i NIL. 

fPtPl ^PF I 1 *2* For the co-ordination of m • i . i 

ror formation of a a-bond 

no mechanism is pos.sible othc su-gested. liowever. that 

with the lone pair of electrons. Chatt has su^g 

*** Andereon, •/•C-o., » , f IMutinum with UiD*aturaUNl 

1049. 146 ; Herman, ‘ Complex Comi>ound« ol I latinu 

Molecidea Soviet J- Chatt, Nature, 1050. 165, 037. 

Anderson, J.C7-0-, ivov, 
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witli the special groups mentioned (and possibly more widely), some 
kind of a Jt-type dative bond may be formed, involving interaction 
between filled d orbitals of the metal atom and empty d orbitals 
of the attached molecule (as with PF3), or between d orbitals of 
the metal and .T-bonds already existing in the ligands. 

The theory of co-ordination is therefore still in a state of develop- 
ment. Quite apart, however, from the validity or falsity of current 
interpretations of the chemical bond, the concept of complex forma- 
tion has its owm value, for as was perceived by Werner, it has a 
wide scope as a unifying principle throughout inorganic chemistry. 
This aspect of the matter is emphasized in relation to a few special 
topics in the remaining sections of this chapter. 


The Stabilization of Valency States by Complex Formation. 

A particularly interesting aspect of complex formation is the 
manner in which the attachment of strongly co-ordinating group.s 
inav lead to the .stabilization of a valency state, derivatives of 
which are otherwise unstable ; i.e. the oxidation-reduction potentials 
juay be prf*fouiully modified. 

Cobalt.- -A familiar and striking example of this phenomenon is 
found in tln^ cobaltamniines. Cobalt maybe oxidized to the trivalent 
state (‘lectrolytically, and then forms the sulphate 002(80^)3. ISHjO 
and the ahmis- <■.</. C.sCo(80j)2. 121120— which are very unstable. 
The lluoride has alsi) been obtained. -‘Vll these compounds 

have strong oxidizing tendencies, however, due to the readiness 
with wliicli tlie col>alt reverts to the bivalent state. In the presence 
nf ammonia, the relative stabilities of the [Co(NH3)<}]®'*' and 
[C<)(Nll3)c)- ' hms are .so far reversed that oxidation to the former 
state i.s efTected by atmospheric oxygen at room temperature. 
The same stal>ilizinL' elToct is produced by the co-ordination of 
anions, as is slmwii 1 \ ihc strong reducing proj)orties of potassium 
<'obaltocyani<le. TT ■ qiamtitative nuignitudo of the clTect is shown 
b\' tlu; large displac'emcnt tif the oxidation-reduction potential. 

Tlie stal)ili/,ati<in of the higher valencic.s of cobalt by complex 
forniatioii is such tliat tlie exi.stcnce of quadrivalent cobalt com- 
pounds becomes pos.'^ible, and a number of such derivatives are 
known anutng tlie //-perox(» p(»lynuclear cobaltanimines obtained 
by the atmospherie oxidation of ammoiiiacal cobalt solutions — e.g. 

Nil,, 

I (NTi.,)d - ( u" In the.se. one cobalt 

(»2 

aloin is foiniidiy trivalent, and the other quadrivalent ; as in other 

Wemor, Anriahn, 1910, 375, 15, 
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such cases, it may be assumed that the states of the two atot^ 
become equivalent by a resonance process, and the compounds are 

.h. — “-SS; 

bond given in a previous section, it tnay e see 
of the^6-co-ordinate compounds of Co(m) 

filling of all electron levels up to and mcluding f 

orbitals used in forming the co-ordmat.on complex u-'l" 

valence states both of formally 

Ixust in ‘be form of ^ 

cyano-anions. When K,[Ni(CN).l is f ‘loof creUi 
a red solution is obtained, which wi^ shown y Ni(CN) 1 has 

to contain univalent nickel. 

only recently been obtained in the p fnwinls oxidation, 

salt is relatively stable, although very sensi obtained by 

The simple (or perhaps autocom, to) yamde^ 
aci^^g its solution, dispropm ,^b i, 

netic though it is , whether nickel is actually 

bivalent nickel, with a Mi-iNi oona, 

present in two diamagnetm valence states., as^NjM 

has, indeed, been found that, ivTifCNhl which is clearly 

reduction can proceed further, to > le d ( j j valence state 
derived from formally XIV). which 

ia present also in -ckel carboi^l Ni 

has long been known. The t^i ( ^ complete 31 shell. 

groups bound by [sp®] hybrid or . ,2n(CN)i]®' anion, and 

As such, it is iso-electromc with 

undoubtedly has a [Ni{CN)J®-. 

planar 4-co-ordinate compounds [ .• j /p 133)^ is so 

Trivalent nickel, as has alrca y [NillralEt^P),] 

far stabilized m smtab e ^o'^P on [NiUr.lEt.P),!.'"-*^ 
IS formed directly by the action forms stable 4-co-ordinate 

Bivalent nicicel, ^ h^_ ^T/l-ifsi^orbitals whereas six-co-ordinate 
planar complexes, involving [rf^p ] ' electrons to higher 

complexes would involve the ' ^nd palladfum. 

leveJs. With the of the ele- 

the effect of this is to stabili^ which then involve the electron con- 
rnent in 6'CO-ordinate complexes, 

-i . \tim ±Q. ii. 70. 


It. Acad. Uncei, 1913. 22. 1942, U, 11K7. 

>*’ J. N. EaBtca and W. M. Burg^«. • Cl ^3^3^ 7^^ 281. 


>*’ J. N. EaBtca “"*1 'V Proc' W Sac., N.S.W.. 1943. 76. 281. 
K.Y ^rlnd B*. Nygf^rd, C/.em. 5cand., 1949. 3, 474. 
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configuration d^dHp^y. Quite recently it has been found that 
ligands with a strong enough tendency to form covalent bonds with 
nickel can similarly give rise to stable co-ordination compounds 
of Ni^'^. 

This is the case with organic thio-acids and similar compounds. 
Thus Ni(S.CS.C6H6)2 is readily oxidized in a strongly alkaline 
solution containing sulphide ions. 


CeHs- I + 2 


oxidize 


to air 


(I) 


/S\\ n 




2 


4- 


(c.Hs. 


(n) 


Ni. 


,v/S1 "- 

'^S^ ) 

(ill) dark brown 




(iv) violet 


The anionic complex (II) of Ni^* readily parts with its promoted 
electrons, forming an anionic complex (III) containing Ni‘'^. In the 
absence of an external electron-acceptor, and in presence of groups 
w’hich can stabilize zero-valent nickel {e.g. carbon monoxide), (II) 
undergoes an internal oxidation-reduction process : e.g. 



C.C«H 


6^8 


(I) 


2 NiO(CO)4 + 


+ 4 SH- -b 8 CO 


( 


/S\ \ IV /S\ ,v / 


C.C«H 


6**5 


a- 


+2 CeHsCSg- + 


(IV) 


Nyholm has found a similar stabilization of Ni*^ by chelation 
with di-tertiary arsines. Thus o-(CH3)oAs.C6H4.As(CH3)2 readily 

\V. Hieber and R. Briick, Natunoiss., 1949, 36, 312. 
“MJ.C.S., 1951, 1767. 
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combines with mckel-(ii). forming the red, Pj""” 

complex salts [Ni{diars),]X,. The chloride of 

be oxidized by chlorine to a yellow-bronm comp mode of 

contrast with Jensen’s Ni>>> derivatives-is shown ^7 'ts node o 
ionization and its magnetic susceptibility to an octoheto 

complex of Ni‘», (VI). This in turn can he ™“^ed by s.*^ 

ciently strong oxidants to deep blue-green “^““IP 

the oLect composition, ease of reduction “<1 <>‘amagncteni 

pectcd for a compound of quadrivalent nickel (VII), " 

Lctronic configmation as the complex compounds of cobalt (ui). 


'As^ 


(V) 

Ni‘i 

Red, diamagnetic 
[dsp®] bonds 



Cl 


15.N HNO^ ^ HCIO 


SO. 


Niiii 

Yellow-brown, fx — 1’89 
[d*3p^] bonds 1 unpaired 
prornoted electron 


(cioj 


•as 

Cl 


J (Vll) 


(VII) 


Deep blue-green, diamagnetic 
[d-sp^] bonds 

appUcation in analysis. “he cuprous state.'- In 

however, with no tendency to re stabilization of the bivalent 

the case of the corresponding cyan l,oth bivalent and 

state is not so compk-U:. ^ obtained ; its formation 

univalent copper, [Cu enaJLC ^ ^ stabilization of the 

may be attributed to the ^ the same way, the [Cu ena] 

cuprous state in the complex am . 

. T, foil JCjS 1926, 2018. 2027 ; 1927, 12o9. 

»» G. T, Morgan and BuretaU, ^ 
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cation is not reducible by hypopbosphites (compare the reducibility 
of the cupric ion), but forms a stable salt [Cu en2](H2P08)g. 

The co-ordination of acetonitrile,^®' thiocarbamide,'®® or ethylene 
thiocarbamide,'®® similarly stabilizes the cuprous state, so that the 
nitrates, sulphates and acetates of the complex cuprous ions may 
be formed : 


[Cu(NC.CH 3 ) 4 ]N 03 ; [Cu{SC(NH 2 )a}g]N 03 ; 
/NH— CH,1 1 


Cu<S 


< 


NH— CH 


NO 3 ; [Cu{SC(NHa)2}3LS04; 


Cu S 


< 


NH— CH 


NH— CH 


OAc 


The complex cuprous thiosulphates,'®'* in which — as in the thio- 
carbamide compounds — copper is co-ordinated to sulphur, also 
possess considerable stability : 

Na[Cu(Sa 03 )] + I’SHaO ; (NH^lgLCuCSaOsla] 

Silver . — Univalent silver is also stabilized by co-ordination with 
sulphur compounds, in the sense that the complexes ^sdth ethylene 
thiocarbamide (abbreviated etu) yield a chloride and bromide, 
[Ag etUglCl, [Ag etUalBr, •which are not photosensitive.'®' The 
bivalent state is readily stabilized by co-ordination, especially ^vith 
p}Tidiiie derivatives. Barbieri '®® in 1912 obtained [Ag(pyr)4]S20g 
by the oxidation of silver nitrate with persulphate in the presence 
of pyridine, while the corresponding nitrate may be prepared by 
electrolytic oxidation. The complex argentic cations containing 
o-phenanthroline '®® and dipyridyl,'®’ [Ag phtha]®'*' and [Ag dipyg]®'*’, 
arc very stable, and numerous salts of these cations have been 
prepared. Reference has already been made (p. 139) to an inner 
complex salt, argentic picolinate, which has been shown to have a 
planar configuration. 

Manganese . — The reduction of alkali manganocyanides with 
aluminium (or Devarda’s ailoy) and caustic alkali yields deriv’atives 
of univalent manganese, Rj[Mu(CN)g]. 

Tervalent manganese is unstable in the halides MnFs, MnClg'®® 


131 H. H. Morgan, ibid., 1923, 2901. 

*3* Roseiilieim and Loewonstamm, Z. anorg. Chem., 1903, 34, 62 ; Kohl* 
schuttcr, Bcr., 1903, 36, 1151 ; Annaleyi, 1906, 349, 232. 

333 Morgan and Burstall, J.C.S., 192S, 143. 

33* Spacu and Murgulescu, C/iem. Zenir., 1930, i, 3422 ; ii, 535 ; 1931, i, 
1426. 


33* Barbieri, Gazzelta, 1912, 42, 7 ; Ber., 1927, 60 , 2424. 

333 Hieber and Mikhlbauer, Btr., 1928, 61, 2149. 

337Sugden, J.C.S., 1932, 161. 

333 Krepelka and Kubis Coll. Czech Chem. Cotnm. 1935 7, 105. 
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and in the red alums EMn(S0,)..12H,0, but it is ^ 

aeetylacetone forms an inner-complex salt only with erva en 
maneanese An analogy is found m iron, winch also combines 

“r^c^etones in the toic state only. Tervalent manganese is 
stabilized also in the manganicyamdes R 3 [JIn(CN)e], the 
stable of the three complex cyanides of inanpnese . , . , 

/rnn.-The ferrous state, which in simple salts 

by atmospheric oxygen, is strongly ‘ ^ fFe nhth IX 
with dipyridyl or compou^£^“ 

;rpttlmons“^ 



Table 4 

Effecl of Co-ordination on Oxidation-Iteduclion PolentiaU 
r,Jj€Ct OJ CO Qjidation-rfduclion poUntuil 

Equilibrium - ..v 


Co*+/C<>’^ 

Fo*+/1A-»^ 

rFc(CN . . 

[Fe phth3]*^/[P« 

[Fc <iipy»J*V(Pc ^Pyal .3. 
[Fo nitro-pbth3l*+/tP<-* rutro-phtbal 


(Uriliah ConveniMi) 
4 - 1-8 volts 
- 0-8 
+ 0-74 
-i 0-49 
+ 114 
ai. + !•! 

+ 1-25 


!• 


9 9 


f » 


9 9 


99 


m V"'*, J- Anwr.CMm. 

w«n 58. 1008; Simon and Ha,.re. >5. anarg. CHm.. 


8oc., 1033, 55 . 2040 ; 1930, 58, 1008 ; Simon 
1030, 230, 100. „ .f.nn 

Emmert and Scbncidtr. ' J , 

“*Emmert and Brandt, ibtd., 1927, 60. 2211. 
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The Stability of Complex Salts. — Within recent years, a 
number of workers have attempted to ascertain the factors that 
determine the stability of the co-ordinated complex, and the way 
in which the stability changes as either the central atom or the 
ligands are altered. 

Pfeiffer, Thielert and Glaser obtained some qualitative informa- 
tion from a study of the displacement of the bivalent metallic ion 
from inner complex salts with bis-salicylaldehyde ethylene 
diimine {e.g. (I)) by another bivalent ion Such reactions, 

which, because of the sparing solubility of these compounds in 
water, are necessarily carried out in solvent (such as pyndine), 
w’hich themselves exert a strong solvating power, are really exchange 
reactions, not simple displacement reactions : 




O 0 


y 


CH=N 

I 




N=CH 


CH, CH, 



The position of equilibrium therefore involves the relative stability 
both of the [M pyre]®+ and the [M sal-eng] complexes, but Pfeiffer 
concluded that the sequence of stability of the inner complex salts 
was Cu“ > Ni“ > Fe'“ > Zn“ > Mg", an order confirmed by more 
recent work. 

A more quantitative approach to the problem emerges £rom a 
consideration of the successive equilibria involved in the formation 
of an inner complex salt, such as the complex (I) just mentioned. 
If we denote by HX one equivalent of the complex-forming mole- 
cule, we have in the solution the successive reactions 


. . . . ( 1 ) 

-^X-^ MX+ (2) 

MX++ X- ^ [MXj] (3) 

There is, in effect, competition between the H+ and ions (or 
MX+l for combination with the anions X". If hydrogen ions are 
removed from solution, by neutralization, the buffering action of 
the X" — HX system is substantially modified, through the removal 
of X“ ions in reactions (2) and (3). It is, in fact, possible to carry 
out a potentiometric titration of a system containing known concen- 
trations of the metal ion M®+, the complexing agent HX and excess 
free acid, and to determine from the course of the neutralization 


J. prakt. Chem., 1939, 152, 146. 
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curve the precise manner in which the concentration of X ions 
bound in the complex salt changes during the neutralization process. 

The method of deriving the required stability constants from the 
experimental data, in systems with step-wise equilibria, is not 
altogether straightforward, but the analysis of systems with suc- 
cessive equilibria, and the method of evaluating the measurements, 
have been worked out by J. Bjcrruiii and others, and have been 
applied by Calvin, Mellor and others m a study of the con 
stitutive factors, depending on the particular metal and the structure 
of the coraplexing agent respectively, which govern the formation 

“'ri; ‘,3-t C .» u.. J... 

on the shift of oxidation reduction potentials 

plex formation, to which attention was drawn m the preceding 
Ltion. In th; reduction of a complex ion at a dropping mercury 
cathode {i.e. polarographic reduction), the 
potentials' of sn" cessiL kages in the procei« may be 
kua Calvin and Bailes found in the reduction « " f 

inner-complex salts of copper, that two waves lamaliaiii) 

S ‘tSl .“”..3. "■‘■■I' *1”"" 

tive potential, cases, iireversible. 

the same potential as in a simple copper solution. Calvin and 

Bailes concluded that this implied that the ‘ g^3d 

(solvated) Cu- ion, was being reduced in each ^ 

stage. Hence the first wave represented the “ ““ 

complex, as well as the tran-sfer of one electron 

These two proceases may be formally .separated. “E 

i: “’“is: ss;;. i. -p— ' 

equations : 

► [Cu pyriM?^ + 2X 
■*" [Cu pyru]'*’ + "" ”) Py^ 

^ Cu®(Hg) + n pyr 


Ai [Cu^Xj] + »* pyr 
Aii [Cu p>t„] 2^ + c 
B [Cu pyr„]‘^ + c 


“‘‘Metal Aminiiic Formation m ^ i. 

J* B]crrum and 1^. Ander«on, ^ • t a r <f 1<J45 67. 2003. 

A’.,. M. Calvin IC W ^ 

U 7 S' Kolthoff and J. J. Lingane, Pohrography. Intcr- 

For example, c/. I. M- , i« j a.C.S.. 104(>. 68, 949. 

Boienco PublisherB, New York, 1941. 
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Stage Aii would take place at the half-wave potential found also 
for simple copper(ii) salts {+ 0-05 volts in the 50 per cent aqueous 
pjTidme solutions used). The observed shift of the first wave then 
measures, directly and quantitatively, the free energy change 
associated with reaction Ai. This shift may, in the case of the more 
stable complexes, be so great that the reduction proceeds irrever- 
sibly, by a 2-clectron transference, stage B occurring actually more 
readily than its precursor, Cu2+— ^Cu+. 

The results which have been obtained show very clearly that the 
structure of the chelating group affects the stability of the inner 
complex salt in several ways : by modifying the electron donor 
properties of the parent acid HX, by modifying the resonance in the 
double bond systems of chelating groups, and— most profoundly — 
by creation of rigid structures with appropriate stereochemical 
properties. These points are illustrated by comparison of the half- 
wave potentials of the examples given below'. 

Very similar results have been obtained with cobalt ammines ; 
the first stage in reduction, Co‘‘‘ — ► Co“, w’as again dependent on the 
constitution of the ammine, and affords a comparison of the stability 
of the different co-ordinated complexes (Table 5) : 


Co(NH3).(XO.)12- 

(-■u(NH3),(N03),1* 

l(?o(XH3)3(N'0;)3l 

(’o(XH3)o{X(),); - 

Co(XIl3)3(H.,())J3- 

Co(XH3)3(H,0)3P + 


Tabic 5 


Eg (first stage) 

- 0'437 

volt 


- 0-264 

»» 

trans 

- 0-207 


eis 

- 0 043 

f* 


- 0-026 

t > 


- 0 070 

9 * 


- 0-474 



~ 0-249 

»» 


W hereas the .'<liift in red(»x potential has afforded a clear measure 
of the inilueiiee of the .structure t»f the co-ordinating molecule, the 
potent iomet lie titration method ])rovides a means of comparing the 
stabilitv of compounds formed by any oin; complexiug agent with 
various central cations. It has emerged quite dearly 
ihal to a liist aj)j)roximat ion the sequence of stability is the siime, 
incspcctive of the ligands invtilved : 

IM r ■ Cu > Ni > Co > Zn > Cd : - Fe > Mn > Mg 

- a sciiiicnr<- with wlitcli Vfeiffer's earlier and qualitative results 
are in liarnumv. If a coinpariscui is made between bivalent ions 

.T. n. Willis. J. A. Friend niid D. 1*. Mellur, J.A.C.S., 1045, 67, 1680. 
i:-'’ I). P. M.llor and L. E. Maloy, Wa/are. 1947, 159, 370 ; 1948, 161, 436, 
also ret. 

M. Calvin and X. C. MtleliUir, J.A.C.S., 1948, 70 , 3270. 

*** 11. Irving and R. J. P. Williams, Nature, 1948, 162, 746. 
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(a) Cu 2+ (aqueous pyridine) Cu +(aqueous pyridine) E 


187 
+ 0.05 V. 



CH 


I 

x 




(c) E = - 0 09 V. 

CHa 


CH ^CuC CU 

\)^C^ 

/ \ 

CHa CHa 

(D) E = — 0-13 V. 

>_0 o-/ > 

1 ' 

CH- ^N— CH 




Xr>.,X 


CH 



<x- 


CHa vi*3 

(!■:) E = + 0-02 V. 

/ 

x 


0 0 - 


, >< 

ch-n(^ ^n=ch 



CjHs C.Hs 


(K) E= -0-12 V. 

/~ 

X 






_/ 

(c) - 0-7G V. 

/ X 


CH:=N"^ 


Cu 


^N=CH 

t 

CH. 


CH2 *2 

(h) E = — 0'70 V. 


of the let transition aeries, it is evident that there is a 
the maximum stability of co-ordination complexes ot M be life 
found, rather unexpectedly, witli copper, hig. 31 ( uo o 
and Williams) brings this out very clearly. If ion.s of diitcr 
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valency are compared, the sequence is changed radically, and the 
maximum then imdoubtedly occurs with Co*^^ The property of 
the central atom with which this sequence should be correlated is 
not yet entirely clear : it runs roughly parallel with the second 
stage ionization potential, and so may reflect the acceptor properties 
of the metal for the electrons of the co-ordinating groups. 

These results bear closely upon the * specific ’ function of organic 
reagents in analytical chemistry. Since the formation of an inner 



Fio. 31. — The numbers Against each curve give the value of n in log Ka for • 

ammonia; ethylene diomminc ; X, propylene diammino ; O, eahcyl 
aldehyde. 

complex salt involves competition of M"+ ions with H*** for com- 
bination with the anions X“, it follows that the more stable the 
complex, the greater is the hydrogen ion concentration at which it 
will persist in appreciable amoimts — i.e. the higher is the hydrogen 
ion concentration (or the lower the pH value) at which it can be 
precipitated or extracted by a non-aqueous solvent. Thus the 
minimum pH at which bivalent metals of the first transition series 
are precipitated by oxine or by quinaldinic acid, or at which they 
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may be extracted by dithizone, follows a sequence agreeing exactly 
with the data of Fig. 31, the lowest of formation (i.e. maximum 

stability of the complexes) being found with Cu“. 

Oxygen-Carrying Complex Compounds. — Reference has been 

made on an earlier page to the iron-porphyrin compounds, which 
can combine reversibly with oxygen, and which serve as oxygen 
carriers in biological systems. Quite recently a synthetic series of 
inner complex salts— also based on a rigid quadridentate skeleton— 
has been discovered, with the property of absorbing molecular 
oxygen reversibly from the air. 



CH=N + ’^N^CH 



\ 

/ 


/ 

C3H8 


\ 


NH 

(n) 


\ 

CaHe 

/ 


Pfeiffer in 1933,*®® observed that the red compound of cobalt 
with salic’ylaldehyde ethylenediimine (I, X = H) turned black in 
air and Tsumaki showed that this was due to the absorption ot 
oxygen. In an extensive investigation. Calvin and his co-workers 
have found that this behaviour is typical of the cobalt compounds 
of the type discovered by Pfeiffer (‘ salconnnes ), and that the 
combination with oxygen {e.g. the dissociation pressure) is modified 
substantially by slight modification of the organic structures. 
These presumably produce inductive effects which modify the donor 

properties of the atoms linked to the metal. 

The salcomincs proper (I) are found to carry one molecule of 
oxygen per two atoms of cobalt ; they will absorb o jy’gcn not only 
in solution, but also in the solid crystalline state, hor the parent 
salcomine (I, X = H) the dissociation pressure is about oO mra. 
at 25®; for the 3-fluoro compound (X = F), the stability of the 
oxygenated complex is higher, so that po, is [about 2 mm. at -0 . 
The compounds can undergo oxygenation and dcoxygenation 
repeatedly, but some oxidation and decomposition occurs, so tliat 
they do not represent a useful practical means of separating oxygen 

from the air. 


AnnaUn, 1933, 503, 84. 

Bull. Soc. Chem., Japan, 1938, 13, 262. , . ^ t.a oor 4 

*** M. Calvin, R. H. Bailee, and W. K. Wilmarth, J.A.C.6., 1946, 68, 2-64, 

2267. 
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Magnetic measuremeiits show that the compounds of type (I) 
have one unpaired electron, as is expected for planar covalent com- 
plexes of bivalent cobalt. The susceptibility decreases linearly with 
the quantity of oxygen absorbed, and is practically zero when 
absorption is complete — i.e. when Co : Og — 2 : 1. The para- 
magnetic oxygen molecule {cf. Chap. Ill) thus combines by sharing 
its two unpaired electrons with two molecules of the cobalt com- 
plex ; it persists as a molecule, and is not dissociated into oxygen 
atoms. 

Compounds derived from salicylaldehyde and propylene triamine 
{c.g. II) combine with one molecule of oxygen for each molecule of 
cobalt. These complexes are necessarily pyramidal in configuration. 
IMagnetic evidence indicates essentially ionic binding, with 3 im- 
paired electrons ; their ease of crystallization suggests the packing 
of molecules of a rigid framework ; and the union with oxygen 
implies that one sector of the cage-like structure is open to reaction 
with the gas. The union with molecular oxj'gen is through the 
sharing of two electrons of the cobalt with the unpaired electrons 
of the oxygen molecule, for on complete oxygenation the magnetic 
susceptibilitv diminishes to that characteristic of a complex ith 
one unpaired spin. 

Water of Crystallization. — The formation of salt hydrates bears 
many analogies to the formation of ammoniates, and Werner 
therefore applied the co-ordination theory to the formulation of 
hydrates also.'^® completely satisfactory classification is not 
po.ssible, however, in terms of co-ordination theory alone, but the 
accumulation of detailed evidence concerning the structure of solid.s 
has indicated linos along which a more comprehensive classification 
may be doveloi)ed. Under the general heatling of water of crystal- 
lization several distinct functions and modes of combination arc 
really included. Listed roughly in the sequence of decreasing 
tightness of binding, they may be distinguished as : 

(i) Water of constitution, present in the form of hydroxyl groups. 

(ii) Co-ordinated water, present as a neutral ligand in aminino- or 
acido-coinplcxes, or filling all the co-ordination positions in 
aquo-catioiis. 

(iii) Anion water, pertaining to the solid state only, and associated 
with the anion, to which it is linlmd by hydroxyl bon^. 

(iv) Lattice water, i.e. water molecules occupying defiuite positions 
in the crystal structure, but not forming aquo-cations or func- 
tioning as anion water in the narrower sense. In the heavily 

Wenier, iVetc Ideas in Inorganic Chemistry, 1913. Woinland, 
Komplcjcfcrbindungen, 1924, p. 18 el scq. 



191 


CO-ORDINATION COMPOUNDS 


hydrated salts of some oxy-acids — e.g. Na2S04.12H20 — and in 
the heteropoly acids (Chapter VII), structures are built up in 
which cavities are filled with water molecules. These are 
bonded to each other, and to the oxygen atoms of the anions, 
by hydrogen or hydroxyl bonds, and frequently have the same 
spatial arrangement as do the water molecules in ice. 

(v) Zeolitic water. In some heavily hydrated compounds, dehydra- 
tion gives rise to a bivariant system, instead of, as ordinarily, 
to a univariant system with two solid phases (hydrate and 
dehydration product). Such water may or may not be 
randomly located in the crystal lattice. 


Water of constilution. The role of water in the oxy-acids of the 
amphoteric and heavy elements will be discussed later. The 
hydrous oxides of the bivalent and trivalent metals are true 
hydroxides, as represented, for example, by the important t)q)e.s 
M“(OH) (M = Ni I^Ig, Fe, Zn and other divalent cations) and 
M‘“O.OH {e.g. FeO.OH, AlO.OH. MnO.OH, etc.). These are mostly 
structures of layer lattice type, consisting of sheets of hyckoxyl ions 
(or oxide and hydrox}’! ions), between which are located the cations. 
Part of the water present in basic salts is combined in the same way. 
The relation of these structures to the co-ordination compounds is 

examined in a later section. 

Co-orditmUd water. Aquo-calions. The frequent occurrence of 
certain definite amounts of water of crystallization (e.g. 4 or 0 
molecules per atom of metal) at onee suggests its association with a 
complex cation. Thus the bivalent metals form a very large number 
of salts containing metal : water = 1 ; C in winch we may infer the 
presence of a common type of cation [M(H.O)e]-+. llus ma) he 
exemplified by the long list of cobalt salts of this tyqie : 


[.Co(H,0),-]CI, ; -Br, 
-(NO,),; -SO, 


_I,; -(CIO,),; 
-SO,; -CO,; 


-(BrO,),; -(10,),; 
-SuCI,; -I’lCI, ; 

-S„0,; -S,0,. 


Similar aquo-cations arc formed by ^l, Zn Cd, he, ii g, Ca Sr and 
amongst {he trivalent metals by Al, Cr. Fe, 5 n, 11 and others. 
Similarly, tetraquo-cations, IM(H,0),], are found in salts of copper 
-e.g. [(3u(H,0),]S0, + 11,0 ; -(CIO,),; -Br, ; -Sih,; of beryl- 
lium-[Be(H,0),]S0, ; -(CIO.), ; and in other cases, including salts 

of CT”, Mn, Fc", Co and Ni. . i • • 

While the formation of aquo-cations l>y the lieiivy mctald i6 m 

keeping with their small ionic radii and high comi»lex-formmg power, 
them is Bomc indication that the alkali metal ions also co.nbiue wiUi 
water. Thus the compounds Na3r04.12H20, Na3As04.121l20, 
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NaBOo.4HoO. Na3Cr(CNS)6.12H20, NaNH4HPO,.4HA etc., sug- 
gest the existence of the [Na(H20)4]''' cation. 

The existence of an octobcdral grouping of water molecules 
around the metal atom in those compounds adjudged to contain 
[M{H20)8l cations has been confirmed by X-ray crystallography. 
There is a considerable bulk of evidence that the same cations arc 
hydrated in solution also, and certain methods of measuring ionic 
weights— the method of electrodialysis— give results which 
indicate the persistence in many cases of 6-co-ordmate or 4-co- 
ordinatc hydrates. As is well known, however, the various methods 
of determining the hydration of ions in solution give highly dis- 
cordant results. 

In general, the aquo-cations correspond with the reversibly dis- 
sociable metal ammoniates, such as C0CI2.CNH3, rather than with 
the ammines proper, such as [CofNHalgjUla, since they exhibit a 
definite dissociation pressure of water vapour, and dehydrate along 
discontinuous isothermal or isobaric curves. Only in the case of 
a few compounds, such as the chromic chloride hydrates, is the 
strength of binding of the water comparable with that of ammonia 
in the ammines, so that clear-cut ionization isomerism occurs. 
Thus there arc thi’cc isomers of CrCla.GHjO. The violet-grey hexa- 
hydrat<* is shown liy its equivalent conductivity in solution, by the 
reactivity of all its chlorine, and by the way in which it (and the 
salts derived from it) behave on dehydration — to be a hcxaquo- 
chromic salt, LC’r(H20)6lCl3. 'I’lic same cation is present in other 
violet chromic salts and their solutions. The dark green chromic 
chlori»,le isolatcil from hot solutions is a tlichlorotctraquo salt, 
1( ':( '12(11 20).,]C1.2H20. Similar diacido-tetraquo cations are present 
in the green solutions obtained by heating other chromic salts. A 
tlhrd (“hloridc. with two-thirds of its chlorine so combined as to 
be immediatelv ])reeij)itatod by silver nitrate, [CrCl(Il30)5]Cl2.Ho0, 
was ilrst isolated by Bjerrum in 1906. 

It lias also l)eon found that the rubidium alums of cobalt and 
ihodium. lib[('o(H 20 ) 8 l(S 0 .,) 2 .liH 20 andRb[Rh(H 20 )e](S 0 j) 2 . 6 Ha 0 , 
are l)oth <liamagnetic, as probably is hydrated cobaltic sulphate, 
i‘o.,(SO^)3.l81l2(), also. The free 'Co»+ cation would presumably 
liave four unpaired electrons, anti would certainly be paramagnetic. 
Ill these com]K)unds, therofon'. tlie water is evidently bound by 
the same kind of covaleneie.s as are operative in the cobaltammines 
proper. 

In agreement with this view, it has been found by Hunt and 
'I'raube that in solutions of chromic salts the cation binds 

H. lioinnuT, Z. anorg, Chenuy 1941, 246| 275. 

J. Chun. Phys.^ 1950, 18, 757* 
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six molecules of water in such a way that they are exchanged only 
very slowly for other, free water molecules of the solvent (labelled 
by enrichment of I time of half change is about 40 hours. 

The presence of a welhdefined [Cr(H20)8]=‘+ complex, with a very 
small dissociation constant, is thereby established. On the other 
hand, the cation very rapidly shares the water molecules of 
its hydration sheath with others from the body of the solution. 

More usually, water is but loosely bound in the co-ordination 
complex. Considering first the aquo-anunines, in which water is 
but one ligand in a stable complex, it is characteristic that it is 
reversibly and fairly readily replaced within the complex by aniomc 
groups — e.g. 


[Co(NH3)*Cl2 



CofNHj) 


H2O 

^ Cl 



[Co(NH3),(H20)JCl3 


Moreover, there is evidence that co-ordinated water can dissociate 
to some extent, to give a hydroxo-complex : 

[CofNHalsHjO]^^- ^ [Co(NH3)5(OH)]2+ H + 

Solutions of aquopentaimnine cobaltic salts are distinctly acid, 
and the addition of alkalis immediately yields the hydroxo salts, 
which are alkaline in reaction. In the compounds of the heavuu- 
platinum metals, the acid function of the complex is augmented ; 

thus, the hydroxo salt [RuCNOfNH^l^OHlBr^, « 
action of ammonia and potassium bromide upon KdRuCNUlUs], 
is neutral in reaction,*^® while the corresponding aquo salts 
fRu(N0)(NH3)4H20jX3, are formed only with strong acids, and 
readily revert to the hydroxo salts. Similarly, from the platmic 
dihydroxotetrammine complex [Pt{NH3)4{OH)2]S04. only hyilro- 
chloric acid is capable of forming an aquohydroxo salt, 

[PtiNHal^d-IaOKOHljCla.^® 


It is plain that compounds containing co-ordinated water are 
essentially acids in the semsc defined by Bronsted. Tliere is. how- 
ever, no difference in principle between the function of water ami 
of ammonia within the co-ordination complex. The acid strength 
of co-ordinated ammonia is, however, much less than t|iat of water. 
Thus, in the platinic ammines, hydroxo .salts are readily ^rmed, the 
compound [Pt(NH3)4(OH)2lCl2 being actually more stable than the 
aquo-hydroxo salt [Pt(NH3)4(H20)(OH)]Cl3. 

platinic platinum can also exi.st^.ff. the salt [1 t(M l3)4(NH2)Cl]Cl2, 
which is formed directly by the action of OH ions on 


‘“Wemer. Ber., 1907, 40. 2G14. 

Carlgrtx-ii ami CIc-ve. X. anorg. C’Acm.. 1892, I , Ou ; 
40 , 4093. 


WcTiicT, Bcr., 1907, 
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[Pt(NH3)sCl]Cl3.“^ The cation [Pt(NH3)6l‘+ is a Bro^t^ acid 
comparable in strength with the aquopentammine cobaltic ion, and 
a O.OOIA^ solution of [Pt(NH3)e]Cl4 has a pU of 5 - 9 .«* Although 
no ainido complexes are known in the case of cobalt or platinous 
platinum, it has nevertheless been shown, from studies of the 
exchange of hydrogen isotopes between water and the a m , min es of 
cobalt, iridium, platinum(ii) and palladium, that reactions of the 

type 

[Co(NH3)e]3+ + HgO ^ [Co(NH 3 ) 5 NH 2 ] 2 + + H 3 O+ 
[Pt(NH3)4P+ + HoO ^ [Pt(NH3)3NH2]-»- + H3O+ 

arc perfectly general in occurrence.^®® 

The close analogy between the aquo-complex proper and the 
behaviour of water (and ammonia) in amraines is shown by the 
formation of [Cr(H20)4(0H)2]3S04. This salt is formed by the 
action of pyridine on chrome alum, or by the addition of sodium 
sulphate to chromic acetate, which is already green in dilute solu- 
tions, owing to the hydrolysis reaction 

[Cr(H30)3](0.C0CH3)3 ^ [Cr(H2O)4(OH)3]O.C0CH3 + 2CH3CO3H 

To a less marked extent, this sort of acid dissociation is a general 
property of salt hydrates in solution. Reiff has sho^^Ti that the 
acidity of aqueous solutions of metal halides can be interpreted in 
terms of their dissociation as aquo-acids — e.g. 

[ZuClsCH^O),] -h H2O ^ [ZnCl2(H20)(0H)]+ -f- H3O + 

Although metallic salts of such acids cannot generally be isolated, 
crystalline oxonium salts formed with cineole or dioxane (Dx) have 
been prepared in many cases, e.g. 

[MCl3(H20)(0H)](in)x) where M = Cu, Ni, Co, Mn 

A meclianism is thus furnished for typical hydrolytic reactions, 
and especially for the hydrolysis of the salts of the metals of high 
valency and high ionic potential. The cation in solution is sur- 
rounded by a sheath of water molecules. When, as with Zr*'*’, the 
polarizing power of the cation is great enough, the dissolved aquo- 
complex may be a strong acid. EquiUbrium then favours the 

Tscliugaov, Z. aiiorg. Chem., 1924, 137, 1, 401; C&mpt. rend., 1916, 
160, S40 ; 161, 099 ; A. Griinbcrg, Z. nnorg. Chtm., 1924, 138, 333 ; 1930, 
193, 193. 

ict Griinbcrg and Facrmam\, Z. a7iorg. Chem., 1930> 193, 223 ci seq., 
Acad. Set. U.It.S.S., MendeUef JubUce, 1930, 479. 

Anderson, Spoor and Briscoe, J.C.S., 1943, 361 ; Anderson, Spoor, 
Briscoe and Cobb, titV/, 367. 

Wernor, lier., 1908, 41, 3451. 

Z. anorg. Ckem,, 1932, 208, 321. 
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hydroxo-form (the Bronsted base), with its strong electrostatic (or 
even covalent) binding between metal and OH group. E.g. 


[M(H20)„P+ + H 2 O ^ [M{H20)„_i 0H]3+ + HsO-*- 
^ [M(H,0)„_2(0H).P+ + 2H,0+, etc. 

(M = Zr, Hf, Th, etc. ; u = 6 or 8 probably) 


Subsequent processes, which are considered in a later section, may 
lead to the condensation and aggregation of the basic cations. 

Where, as \vith the covalent halides of non-metallic type, no 
aquo-cations exist, an essential first step in the hydrolysis is the 
co-ordinative addition of water. This stage is followed by the 
intramolecular elimination of halogen acid, and in this second 
stage the acid dissociation of the co-ordinated water is the essential 
operative mechanism. This may be illustrated by the hydrolysis 

of stannic chloride : 



adJitlon of 

- ► 

H,0 


Cl 

Su(H 20)2 
OH J 
(in) 


j-fsn 111 


(OH), 

(IIIO) 


[Sn(OH)«]H 

(IV) 




T 

(V) 


Since the iminctbate product of elimination of halogen acid (II) is 
co-ordinatively unsat.irated, water is agam co-ordmated. and the 
process continues until hydrolysis is complete ( )* 

of stannic chloride, the initial addition compound 

SnCU-SHaO [= (I) + SII^O] 

and the product of the first stage of the hydrolysis, 

SiiCl3(0H).3H20 [= (III) + U^O] 

arc both known. The acid nature of the latter compound, as 
required by the above mechanism, is shown by the formation of 

Such a mechanism for the hydrolysis of the covalent halides at 
once makes clear the fundamental dilferences between these and the 

»«« Pfeiffer and Angern, Z. anorg. Chem., 1920, 183, 189. 
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electrovalent halogen salts — the metallic halides proper. Dissolu- 
tion of the latter compounds in water leads, in the typical case, to 
the formation of an aquo-cation, e.g . — 

Coa^ + aq. ^ [Co{H20)6]2+ + 2CI- 

The special position of sulphur hexafluoride and carbon tetra- 
chloride amongst the non-metallic halides is also comprehensible, 
since in these compounds the co-ordination maximum of the central 
atom is already attained. The necessary initial additive step 
therefore does not take place. Tungsten hexachloride is again 
hydrolysable, however, since the co-ordination maximum for 
tungsten is 8 (as in K4[W(CN)8]). Stability to hydrolysis may be 
expected when the co-ordinative addition of water is once more 
excluded by the attainment of the co-ordination maximum in OsFg. 

Oxy-acids. — The views just developed provide a very general 
approach to the theory of the oxy-acids of the elements. These 
may be subdivided roughly into three classes : 

(a) Simple oxy-acids, formed by the lighter, strongly electro- 
negative elements. The composition of these oxy-acids is 
governed primarily by direct considerations of the valency 
of the central atom, and there is little tendency to form true 
ortho-acids. 

{h) Complex oxy-acids, formed by the heavier, weakly electro- 
negative or amphoteric elements, such as tellurium, iodine 
and antimony. The composition of these is determined by 
the nece.ssity of completing the co-ordination sphere of the 
central atom. To this group belong the salts formed by 
amphoteric metallic hydroxides. 

(<■) Poly-acid.'s\ formed by the elements of groups Va and VIa — 
viz. V, Nb, Ta, Mo, W and U. These acids, discussed in 
detail in a later chapter, represent co-ordination structures 
of a very special type. 

I'lio second group, licre termed complex oxy-acids, are of importance 
in that they wtie early recognized as establishing a connexion 
ln'twcen the chemistry of the co-ordinated complex and that of 
compound formation by means of primary valencies. The oxy- 
a( it.Ls of Sn*'', Pb*^, Pf'', Sb'’, Te'"', and D" fall within this group, 
Tims, the alkali plumbates and stanuates all contain three molecules 
of water — c.y. NaoO.SnO^.SHaO — which is lost only at temperatures 
considerably above 100°, when complete decomposition of the salts 
takes place simultaneously.*®' No salts have been prepared with 
le.ss than SHoO ; those salts with more water — e.g. BaO.SnO2.7H2O 

1 ®’ Belucci and Parravano, Z. anorg. Chem., 1905, 45, 142. 
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—lose water readily domi to that amount. Tlie salts may therefore 
be derived from an anion [Sn(OH)e]^-, in which the 6-co-ordmation 
shell of the tin is filled ; the removal of the constitutional water 
breaks up the complex anion completely. Similar considerations 
apply to the plumbates, platinates, etc., which are salts of the acids 

[Sd(OH) 6]H2 [Pb(OH)a]H2 

[Sb(OH)6]H [Te OglHs [I OelH^ 

As is plain from the cases of telluric and periodic acids, the 
basicity of the acids is variable. The composition of the salte 
varies especially with the size (ionic radius) of the cation concerned. 
The maximum basicity is frequently displayed m the silver salts, 
as in AgeTeO« and AgJOe the bulky alkali ions more 

form acid salts, as, for example. Kaj^Te^ ' and Na^ I . 

Although the 6-co-ordinatcd form is the normal for these acids, 
the existence of other forms is not excluded as is sho^^, for example 
by the existence of metaperiodic acid HIO^, and mesoperiodic 

^‘"'Thfcl^e' relationship between the oxy-acids and those corm 
pounds usually regarded as co-ordination compounds is particularly 

Lphasized by the nearly complete outlLio^ 

niptCle] and H 2 [Pt(OH)a], worked out by Miolati and outlined 

By heating hydrated chlorplatinic acid HajPtClal.GHaO, at 
98^ undL 100 mm. pre.ssurc, one molecule of hy^ochloric acid is 
lost, and a compound PtCI,.HCl.H,0 remains, which is soluble m 
water, the solution having about the same 

{A = 393) as oxalic acid. It behaves as a dibasic acid, and must 
be ascribed the formula in accordance with which 


barium and silver salts, 

Cl 




*Ba.4II,0 




Ag 


T) orplatmirih Wo, PtC,,.5H,0 itso.f for.ns a 

strongly acid aqueous solution req..iri..g two -I-”" !! “Id 


fpt 1 

H, 

fpt " 

L (OH),_ 

Ag 


Ag 2 addition of silver nitrate. 


o 
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(c) With a small amoimt of ammonia, this dihydroxo-acid reacts 
to form ammonium chlorplatinate and a new compoimd with the 
empirical formula PtCl 2 ( 0 H) 2 . 2 H 20 : 


2 [PtCl 4 (OH) 2 ]H 2 + 2 NH 3 = (NH^lgPtCle + PtCl 3 ( 0 H) 3 . 2 H 20 
This compound, since its aqueous solution reacts acid, is to be 

regarded as tetrahydroxo-acid 


[ Cl 

Pt(Ojjj 


Cl n 

Pt{Ojjj Ha, and gives silver, lead, 


(Aga, Pb, Hg). 


(d) The alkaline earth hydroxides react in simlight with the 
corresponding chlorplatinates, forming the salts of a pentahydroxo- 
chlorplatinic acid : 

Cl 


2[PtClo]Ba + 5Ba(OH) 


2=2 


Pt 


(OH) 




Ba SBaClj + SHgO 


From the alkaline earth s«ilts, the salts of heavy inetaLs may be 
prepared. 

(c) The final .stage of the progressive substitution is reached in 
platinic acid itself, the well-crystallized alkali salts of which are 
obtained by the action of caustic alkalis upon sodium chloro- 
platinate. These contain three molecules of constitutional water — 
c.ff. K20.Pt02.3H20--and from them, by the action of acetic acid, 
hydrated platinic oxide, PtOj.lHgO, is obtained. They thus agree 
in composition with the requirements of the co-ordination formula 
[Pt(OH)„lIl2. 

'fhus the transition series 


(i) 

(iii) 





[PtCUllla 




or [Pt(OH)«]H3 


or 




is known in its entiretv. 

The th(M)ry of the oxy-acids developed in this section applies also 
to the formation of salts by the hydroxides of the amphoteric metals. 
The solubility of the hydroxides of the transition metals in caustic 
alkali has long been known. The isolation, in a pure state, of the 



CO-ORDINATION COMPOUNDS 199 

salts so formed is a matter of some experimental difficulty, and the 
view has at times been expressed that the phenomenon was one of 
colloidal peptization rather than of true salt formation. However, 
Scholder and Hendrich were able to prove the existence of the 
hydroxo-zincates by a detailed phase rule study, and with his co- 
workers Scholder has obtained, in pure crystalline torm 
hydroxo-zincates, -cadmates, -plumbites, -stanmtes, -cobaltites. 
-cuprites, -chromites and -ferrites. In every case the compounds 
retL as much tenaciously bound (constitutional) water as corre- 
sponds to their formulation as hydroxo-complex^. In a njim'ier of 
instances as for the hydroxoantimonate [Sb(OH) 6 l , hyeboxo 

antimonite [Sb{OH)4r ’ 

Zinger has determined the ionic weights, by the dialysis method. 

In Lery case the value found for the anionic weight corresponds 

with that required if the salt is to be formulated as a hydroxo- 

‘"'’Thil!' from alkali zincate solutions 

according to conditions, salts of the type [ZnlOHlalNa.SUjO 
nnrl T/nfoH^ INa ‘>HoO By double decomposition with barium 
::d itrSn hyTro^des. silts of co-ordination nnnd.or 0 --..,. 

"uprdefare of the same t)T.os, the tjTji^l com- 
pounds being [M(OH)JNa„ [M(OH),]Ba„ where M = Cu , Co 

“'x^ilalent iron, chromium and bismuth, in the ferrites,*’" 

chrortea, and bismuthates, are said to ‘I' ‘ 

number 8 , forming the compounds [M( 0 H),]N..,. 1 H ,0 and 

rRI^^^’lNa4.2-3H.,0, which are i.somorphous, in addition to the 

■ tOrfCim INa The case of the stannites and plumbites 

simpler type [CrCOIIl.^N^V^ HanUscb,*” by analogy with 

carbon, endeavoured to justify the formulation id those compounds 

as the counterpart of the f<-matos_H.AI.<^ Scholder 

found the only type of alkali salt ,» he 

the alkaline earths both the tnhydroxo-salts -^,17. [hn(Ull)3j,lia 

2.6, m 159,1701 ,934,2.7,2..!. 

m‘FIAT Review of Cerinan Science 1939-.5. Inorganic Chcn,is.ry. 
(Vol. 2r,). Part III. I». «• 

*»* Scholder, A7ig<-w. /6W.. 1033, 216, 170. 

*■>* Z. anorg. Chem., 1902, 30. 
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and, at higher temperatures an anhydro-salt of the composition 
[(HO) 2 Sn.O.Sn(OH) 2 ]Ba are formed. The relation of the hydroxo- 
salts formed in solution to the salts formed by fusion processes is 
clearly shown in the degradation of the stannites. The anhydrous 
barium salt [Sn(OH) 3 ] 2 Ba loses half a molecule of water per atom 
of tin at 90-100®, undergoing conversion to the anhydro-salt. This 
loses a further half-molecule of water at 110-150®, corresponding 
to the second stage of reaction, while at temperatures above 200® 
the remaining half-molecule of water is lost very slowly as BaSnO* 
is formed : 

90-100® [Sn(OH) 3 bBa ^ [(HO).Sn.O.Sn(OH),]Ba + H 2 O 
110-150® [(HO) 2 Sn.O.Sn(OH)o]Ba-> Ba(OH), + 2SnO + H,0 
above 200® Ba(OH )2 -b SuO BaSnO^ + H 2 O" 

The oxidation of boiling solutions of [Fe(OH) 4 ]Na 2 in very con- 
<‘(‘ntrated (00 per cent) caustic soda yields a red sodium ferrite, 
NaFcOo, identical with that obtained by fusion of ferric oxide 
with sodium hydroxide. Oxidation in more dilute alkali (50 per 
cent), liowevcr, gives rise to an apparently isomeric green NaFeOg 
which differs from the other in that it is decomposed by dilute 
alkalisd*® 


Whilst the dissolution of aluminium hydroxide in caustic alkalis 
undoubtedly conforms to the same general pattern, the compounds 
cbjiracterizc'd hitherto appear to be complex. A variety of crystal- 
line alkali ."salts has been isolated by various workers : all contain 

water of constitution, but none conforms to the simple types of 
hydrox(vanion considered above. According to Scholder and 
Hrintzingcr, th<*y j)ossc.ss high ”onic weights in solution, and are 
jirol)al)ly to be r<*ganled ns condensed oxo-hvdroxo salts. 


Alth(HiL'h the evi('* ii '.e for the con.stit\itiou of the complex oxy- 
acids seems quite t m lusive, an unexpected result has emerged 
from the deteriniuati' a of the crystal structure of t^q^ical salts 
sodium stannate. NuofSidOHlg], and potassium platinate, 
K 2 [Pt(OH)p]d" I hesc prt)ve to be isoinorphoiis with brucite, 
Mg(OH) 2 - i.r. they are layer lattice structures, built up by the 
insertion of Sn-* ' and Na+ (or Pt^+ and K+) ions, on more or less 
((((ual footing, into tlie oetohedral intei'stices between double sheets 
of OH ions. Whilst these sheet.s might formally be considered as 
built up by packing the (.ctohedral [M(OH)c]2- anions around the 
alkali cations, it doe.s in fact appear that, in the solid salts, there 
is no essential difference in the forces operating between the OH“ 
groups anil the two species of cations. The interpretation may, 


Scholder, Angeiv. Chan.. 1036, 49, 255. 


Cf. ref. *•> ; Frickc and lucnitis. Z. anorg. Chan., 1030, 191, 129. 
BjOrling, Arkiv. Kemi Min., 1041, I5B, No. 2. 
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perhaps, be found in the weakness of the binding forces in these 
complex ions. ■ In solution, the alkali cations are surrounded by a 
hydration sheath, and their polarizing action is minimized ; the 
anion itself then exists as the dissociated form of an aquo-complex. 
The crystalline compound— as in many otlier instances— is not 
built up directly from the ionic species existing in the solution, 
but by the accretion of the anions and of unhydrated cations to the 
growing crystal lattice. If the complex anion is large and highly 
polarizable— as is the case— even the unhydrated alkali cations 
may have a sufficient polarizing power to impose a structure in 
which the separate identity of the hydroxo-anions is lost. 

This relationship between very weakly bound complex ions and 
the crystalline compounds derived from them is not , VJr 

whereas in Group IV of the Periodic System, Si, Ti, Zr and Hf 
give rise to hexafluoro-coinplexcs, based on the complex anion 
fRIFJ*- it ]ias been found that with the largest and least strongly 
polaJUg quadrivalent ions K,ThF. and K.UFe form crptal 
lattices with the same structure as CaFj, whilst BaThF„ and BuUF, 
are isomorphous with LaF^. There is thus no complex anion in 
the solid — these compounds can properly be written as [K’^M.Jbo 
and rBa.M»lF 3 respectively. In the same way, the very weak 
complex [YF*]' has no existence m the high-temperaturc 

modification of NaYF*. which could be 

Basic Salts. — The well-defined basic salts of the bivalent metals 


—e.g 


CuCU.3Cu(OH)2 
CuC63.3Cu(OII)2 
Zn(N03)2.3Zn(0H)2 
CoC03.3Co(OH). 


atacainitc 
malachite 
basic zinc nitrate 
basic cobalt carbonate 

all contain the normal salt and liydrous oxiile in simple ratios 
very often (as in the cases cited) as 1 : 3^ The amount of water 
foi^d anal^ically in all basic salts is sufficient to P<^rn.it of t he 
oxide being present in the hydrated form, as shown. Where t 
literature inilicatcs exceptions to tins rule it is probable that the 
compounds require more precise characterization. , 

To Werner these facts suggested that a common structural 
basis for all such basic salts could be found in the Co-ordmation 
Theory. Although his view has been superseded, it contains some 
suggestive elements that are still worth consideration 
wtraer considered that the metal hydroxide m bu.yc salts played a 
role like that of tlie di-ol groups m poljmuclear cobaltammines (I), 
80 that the basic copper salts could all be represented as (11). 

F. Hund, Z. anorg. Chem., 1950, 261, 106. 

Ber., 1907, 40 , 4441. 
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OH 


{NH3),Co 




\OH/" 




It is, however, to be noticed that on this hj'pothesis of discrete 
cationic complexes, only one of the metallic atoms achieves co- 
ordinativ’e saturation. Furthermore, the reason for the extreme 
insolubility of the basic salts (as compared with other complex 
halides, sulphates, etc.) is not immediately apparent. 

More recent work, and especially that of Feitknecht on the 
structure of basic salts of bivalent metals, has led to a different and 
more precise view. This provides a further insight into the relation- 
ships between the structural principles of the free co-ordination 
complex and those of the crystal lattice. 

The hydroxi<les cjf the bivalent metals crystallize in the hexagonal 
system and form layer lattices of the cadmium iodide type : that 
is to say that the hydroxyls form sheets of oxygen atoms, in the 
interstices of which the metallic atoms are so inserted as to place 
each between six oxygen atoms. Each sheet then represents a 
giant molecule of the hydroxide, and to this fact the insolubility 
of the hydroxides is due. The significance of one member of this 
group of hydroxides, brucit^j, Mg(OH)2, for the silicate and clay 
mineral structures is dealt with in a later chapter. 

Feitknecht has found that the hydroxide structure persists, in 
its essentials, in the basic salt-s, so that in the basic zinc salts there 


are layers of hydroxi<le interleaved with layers containing the metal 
ions and acid anions. The sjiacing between the layers may be 
variable, and tlie intermediate layers may be almost imordered in 
structure. 'I’lie [)ossibility thus arises of the ready formation of 
non-.st»tieheiometri»- <’omjiounds by the entry of variable proportions 
of metal salt into tlie iuterimMliatc layers. It would seem from 
heitkneehts work. lniwe\er, that those double layer lattice struc- 
tures are metastable .and tend in each case to form a compound of 
the formula as llie. limiting type. The structure of 

these limiting salts is based olu.sely on the original hydroxide. As 
l)efore. metal atoms are fitted into the interstices of a double layer 

tme-fourth of the hydro.xyls be replaced iso- 
morphously (see Cliap. I\ , p. SO) by chlorine or other univalent 
ions, the result is to give a slightly expanded hydroxide structure 
with the gross composition ^1(011)1.5X0.5. or MXa.3M(OH)2. It 
seems that this repres(*nts the characteristic structure of the basic 


180 IIclv. Chim. Ada, 1933. 16. 427. 1302 
1930. 19. 4-lS. 407, 831. Afigcw. Chem., 


; 1930. 13, 22 ; 
19.30. 52. 202. 


1935, 18, 28, 40 ; 
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salts. As ia the case of the hydroxides, each layer is a giant mole- 
cule. The existence of compounds with very variable ratios of 
normal salt to hydroxide, the insolubility of the basic salts, and 
their variable water content are thereby accounted for. 

It is legitimate to see in this kind of structure a logical extension 
of Werner’s conception, whereby all the metallic atoms, and not 
only one unique central atom of the complex, can attain their 
co-ordination maximum, by the sharing of oxygen atoms The 
result is a sort of inorganic polymerization : each macro-molecular 
sheet of the crystal represents an ‘ infinitely polynuclear complex. 

Within recent years, fresh light has been cast on the processes 
whereby such structures may be built up from free, isolated 
cations. Lead forms a well-known series of basic salts, frequently 
formulated as Pb(OH)X, which would have been considered on the 

Werner model, to be dimeric (III). There is also 

PbX 2PhfOH^ (IV) In general, basic salts arc notable tor tneir 

weinland, StroU and Paul - clai,ned that 

unstable soluble perchlorates and chlorates of both series “f ^asic 

lead salts could be isolated. They showed, by ^ 

electrical conductivity, that in each case a bivalent cation was 

present 


■ r/HOv ■ 

Pb"^ ^Pb 


X, 


/OH. ,/HOv 


(IV) 


(III) 

In other instances, the precipitation of a metallic hydroxide or a 
basic salt, may involve as its precursors a succession 
stable or metastablc equilibria, 

hydrolysis and aggregation. Granlir am i oolutioiis that 

depositin of bismuth o.xy-sa ts from bismuth ^ t 

the neutralization curves could be analysed 

account of the successive reactions involved. ‘‘Xced 

well with the idea that as the hydrogen ion concentration is reduced. 
;o"elr cliLns are built up by the hydrolysus reaction, through 
the formation of oxygen bridges between Bi=^ ions. 

2BPr + H,0^ [Bi,0]*M-2H^ 

Bi>-+[Bi,0]>M H,0 ^ [Bi30,r+ + 2H- 

; : ; = . = 

Bii>+ + [Bi„0„ ,]<”+2l+ + HjO [Bi„+iO„]'" + -'>+ + 

The.,e succc.ssivc equilibria, if displaced by removal of hydrogen 
ne.r., 1922. 55. 2706; Z. nnorg. Chem.. 1923. 129, -43. 

Acia Ckem. Satnd., 1947, 1, 631. 
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ions from the solution, build up high molecular cationic complexes 
in the maimer sho^m. The magnitude of the equilibrium constant 
at each stage determines the importance of the steps that are inter- 
mediate between the first hydrolysis product and the ultimate 
infinite complex, which approximates increasingly closely to the 
formula [BiO'^JoQ. The oxygen bridging binds the atoms of the 
polymeric cation into a sheet structure, which occurs as an actual 
structural unit in a variety of basic bismuth salts such as BiOCI, 
and the series of basic double salts investigated by Sillen. 

The evidence is clear that this t}q)e of hydrolytic mechanism is 
fairly general. Thus, it has been shown that in the potentio- 
metric titration of uranyl salts with alkalis, polycationic species of 
successively increasing complexity are formed as the hydrogen ion 
concentration is reduced, e.g. 

2UO,=+ -f H„0 ^ + 2H + 

-i- UO„= *■ -f 11,0 ^ [U308]2+ -f- 2H-*- etc. 

The mechanism of hydroly.sis of the quadrivalent cations (e.g. 
Zr*^, Iin+, Th**-) has i)cen but little studied, though it is familiar 
thattheir aquo-cations. [M(Il20)„]'*+,are very strongacids. Accord- 
ing to Lundgren ami Sillen pol\muolear cations are involved in 
this ])roccss also. If, as with the ba.sic bismuth salts, the hydrolysis 
takes ])laci» in .such a way as to pre-form, in the solution, the unit 
wliii'h has to be built on to the growing crystal lattice as a ba.sic 
salt crvstalli/i*s from the solution, the process can probably be 
written as — 


Th‘" 


[Tli((.)Il)2l-- ; Tld^ -i- gll.O ^ 


f 2ir/) ^ [Th{OH)3]2-»- + 2II + 

/OH^ /OH 


Th 


OH 




on 


i \ 


•f 2H* 


LTli„(i-)II),,.k‘»* X Tld : 211,0 ^ [Th,, + + 2H^ 

Tht! condmsetl basic <-ations represented in this way would be one- 
dimensional rom|)l.>xes, of the nature of linear inorganic polymers. 
Lundgren and Sillen base this meehanism on the observed fact that 
siieh linear eationie (Mmi{>lex*’s jamstitute structural \mits in the 
basic thorium salt [Th(( )II)2](’rO4.2H.20. 

Bannister an.l H<-y. M uirraUnjiral Mag.. 1935. 24. 1949; Sillen. 
Nalurunss., 1942. 30. 318 ; Lai'4Tkrantz and Sillen, Kemi, 1948, 35A. 

No. 2o. 

1®* Fnueherro. Compl. rend., 19 ts. 227. 1307 ; Longsworth, MDDC Report 
No. 911 (T.S.A. Atomic Commisaion) ; Sutton, J.G.S., 1949, S275. 

Siiturwi'^sS., imiK 36* 3 to. 
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It may be noted that the condensation processes discussed involve 
only simple collisions between the reacting, hydrated ioM, and not 

as formally written — complicated and kinetically improbable 

events. The essential reaction at each stage hinges on the acidic 
nature of the aquo-complex. Not only does a new and coherent 
approach to the nature of the basic salts emerge from those ideas, 
but there is emphasized the existence and the importance of the 
stages intermediate between the isolated, mononuclear Werner 
complex, and the infinite atomic array of the completed crystalline 

structure. 


CHAPTER VII 


POLY-ACIDS AND SILICATES 

It lias been pointed out in tbe previous chapter that oxy-acids 
may be classified roughly into three types : 

(а) The oxy-acids of the lighter non-metals — e.g. HNO3, H2SO4. 
The composition of the acids is determined primarily by the 
valency of the central atom, and there is little tendency to 
form true ortho-acids or salts. 

(б) The oxy-acids derived from the weakly electronegative and 
amphoteric elements have their constitution determined by 
the co-ordination number of the central atom. Thus, corre- 
sponding to the co-ordination number six for tin, antimony, 
tellurium, iodine and platinum, the oxy-acids of these elements 
are correctly represented bv the formul® [Sn(OH)e]H«, 
[Sl.OclH^, [feOJHs, [IOalH5,'[Pt(OH)e]Ha. In the cases of 
antimonic, telluric and periodic acids, the effective basicity 
of the acid may be variable, depending on the nature and 
ionic volume of the relevant cation. In the same way, the 
amphoteric metallic hydroxides and amides in their acid 
function are to ])e regarded as hydroxo- or amido-coraplexes, 
the /cincates, for example, being X2[Zn(OH)4]. 

(c) The weak acids formed from the amphoteric metals of 
(.in)up.s \ a and \Ta of the Periodic Classification are char- 
acterized by the case with which they condense to form 
ani(»ns containing several molecules of the acid anhydride. 
Thu?, in the case ^ ’uolybdenum, the molybdates in alkaline 
solution are represented l>y the formula R2M0O4, but in 
acid sohitions the formation of more complex anions takes 
])lace, and in the older literature the preparation of salts 
RoO.niSIoOj.aq has been described, in which n = 1, 2, 2-4, 
3, 4, 8, 10 and IG, acconling to the acidity and concentration 
of the solutK»ns. 

Suclx cfuidensed acids, containing only one type of acid anhydride, 
are known as isopolg-ficids. Tl»e same acid anhydrides have the 
power of conden.sing with other acids — e.g. phosphoric or silicic 
acid.s - to form heteropoJij-acuh. Silicic acid it-self, while tending to 
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form solid silicates derived from highly condensed anions, cannot 
be ranked amongst the isopoly-acids, but must stand in a class by 

itself, since as will be seen in later sections — the structures of the 

silicates follow an entirely different plan from the structures of 
the iso- and heteropoly-acids. 

THE HETEROPOLY-ACIDS 

Historically, the theory and classification of the isopoly-acids 
has followed, and been based upon, the theory of the heteropoly- 
acids. It is therefore convenient to discuss these compounds first, 
and to deal with the isopoly-acids in the light of recent work. 

The heteropoly-acids are formed by the union of varying numbers 
of acid anhydride molecules— most commonly WO3, M0O3 or 
—with a second acid which must be regarded m modern theory as 
furnishing the central atom or central ion of the whole complex 
anion. The power of functioning as the central atom m poly-acicls 
is widely spread amongst the acidic and amphoteric elements, and 
even amongst the true metals, as is sUo^^ n 7 a e - 


Table 1 

Elemenl. Capable of Acting as Central Atom in Fohj-aeid Formation 


Group I 
Group II 
Group III 
Group IV 
Group V 
Group VI 
Group VII 


H, Cu 
Bo 

B, A1 

C, Si. Ge, Sn. Ti. Zr, Ce, Tli 
N, P, As. Sb, V, Nb, T« 

Cr. Mo. W, U, S. Se. To 
Mn, I _ _ 


Group VIII Fo. Co. Ni. Rb. Os. Ir. Pt 

The salts of the poly-acids are obtained, in general from solutions 

of the components, acidified to an appropriate 

centration The less stable poly-acids may be decomposeil by 

water ; all are progressively degraded by hydroxyl ions, and are 

comnletelv decomposed by strong alkalis. 

varying numbem of WO.„ MoO. or V.O. n'» «ules may he com- 
bined with the parent acid-e.Sf. « J, 9 , 10 ^. H P 

PO- ion in the tungstophosphates. There arc, however, two types 

which are of particular importance for the theory of the poly-ac.ds 
by virtue of their frequent recurrence. These are the acids with 

six and twelve MoO., WO. or groups, respectively, to each 

anion of the parent acid, 

e-poly-acttis .■ 


I-? 
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\' 2 -poly’acids : H3PO4.i2MoOa.aq 

H3AsO4.i2MoO3.aq 

4R2O.SiO2.i2WO3.aq 

4R20.SnO.».12Mo03.aq 

7{NHJ20.P205.12V205.26H20 

This preferential combination with 6 or 2 x 6 molecules of acid 
anhydride led to the classification of the poly-acids under an 
extension of the Werner theory, as developed successively by 
Miolati, Copaux and Rosenheim.* On the Rosenheim theory, the 
poly-acid formed from an element X (of valency n) as central atom 
is derived from a hjqjothetical form Hio-ntXOe] of the parent acid. 
The oxygen atoms of this complex may be replaced partially or 
wholly by acid radicals — e.g. M0O4— or by pyro-acid radicals — 
MooO,. In this way, two ‘ limiting series ’ may be formulated — 
IIi2-n[X(Mo04)6] and Hi2_„[X(Mo202)6]. 6-poly-acids relegated 
by Rosenheim to this type are formed, for example, when X is I, 
To, Fo, Cr. Al. Co, Ni, Rh, Cu, Mn and Ho : 12-poly-acjds by P, A.s, 
Si. 'Pi, Go. Sn. Zr, Th, Ce, B and H2 (Table 2). 


Table 2 

Roaenheim's Formulaiion 



r«i/f 

Pn rrnt 
ucoi 

• 

II eteropol^ ‘acids j 

1 . . . 

7 


H.l 

1 

[RMoOdol 

Te . . . 

9 

HdTeOcl 

Ho 

ITetMoOdJ 

I’ . . . 

;> 

HdPOoJ 

H ,1 

P(Mo, 0 ,>.] . 

Si . . . 

4 

HdSiOJ 

Ho SitMooOdo] 

H . . . 

W 


HdBtWjOdel 


It fnllnws as a natural »-onsoquonco- of the Rosenheim theory that 
tlif p(»ly-a< i(ls .should o.\hii>it v(‘iy high basicities, although the 
luaxiimiui permit t«‘«l basicity is \-erv rarely reached — this is the 
case, tor example, in tlie i:uani<iinium salt 

((•X3U,-,lI)dP(Mo2O-)e].8H20 ; 

in tile silv.r lO-molylMiophosidiate 7Ag2O.P2O5.20.AIoO3.24H2O. 

.I2H0O ; in the 

I 

12-tungstohorate 18Hg0.B203.2-nV03.24H20 or 

ng„[B(W20-)eh.21U.,0 : 


whiclt Rosenheim furmulatos as 


^ A very full discussion nf poly-uciils from t his standpoint is given by Rosen- 
heim in Abegif's llandbuch, Vnl. 4, Part 1, ii, pp. 977-1065 (1921). 
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or 


0 


.22H2O obtained by Marignac. In general, the 

salts of the poly-acids can be fitted into Rosenheim s scheme only 
as acid salts. Since the salts are mostly heavily hydrated, retaining 
a portion of the water strongly, such a view is not incompatible 
with the chemical evidence. Copaux showed that the favoured 
dasicity is usually four less than the maximum permitted by the 
formula. 

A close similarity in physical and chemical properties exists 
between the 6-heteropoly-acids and the so-called paratungstates 
and paramolybdates on the one hand, and between the 12-hetero- 
poly-acids and the metatungstates and metamolybdates on the 
other. Thus, salts of metatungstic acid show the same great 
crystallizing power and the same crystal habit as the 12-tungsto- 
silicates, -phosphates or -borates, the similarity extending even to 
identity of crystal cell dimensions. Chemically, the .same similarity 
is shown by their great solubility in solvents containing oxygen 
water, alcohol or ether-by the formation of ethcrates, which are 
probably ill-defined oxonium salts, by the property of coagulating 
albumen, and by the formation of very insoluble alkaloid salts. 
To account for these close relationships, Copaux brought the iso- 
poly-acids into the Rliolati-Rosenheim scheme as derivatives of 
hypothetical ‘ aquates R,o[H,Oel. Thu-s. metatungstic acid won d 
be HioLHaCWaO^lel-aq. In the same way, the G-poIy-acids closely 
resemble paratungstic and paramolybdic acids, especially in the 
ease with which they are degraded directly to normal tungstates 
and molybdates, U^WO^ and HMoO,, by liydroxyl ions. Acc-ord- 
ing to Rosenheim, for example, the 6-moIybdo-aluminates and 
cliomitee, 3R,O.lI,O3.121IoO3.20H,O. are .strictly ana ogous to 
the complex oxalates R3[M(C'.P4)3] formed by these metals m that 
the resulting complex shows the basicity of the parent acid and i.s 
but loosely bound together, so that it .shows all the reactions of 

the molybdate ion. , . n ^ 

Although the Rosenheim theory served its purpose in collating 

and classifying the large number of heteropoly-acid derivatives 
which have been prepared, it remains essentially hypothetical a^nd 
without experimental foundation. In particu ar, le inipor. 1 
class of 12-poly-acid8 is based upon the assumption of M03O, and 
W.O," ions. There is no evidence at all of tlie existence of such 
ioM, except the analogy of the dichromates, and alkaline degrada- 
tion does not follow the course which the existence of pyrotungstate 
or pyromolybdate ions would presuppose. Moreover tlie ol^erved 
basicities of the acids, the amounts of constitutional water fouiiil. 
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and tlie revised formulation of the polyvanadate complexes (see 
below) can be reconciled with the theory only with difficulty. 
Modem work has therefore proceeded along two main lines : a 
study of the aggregation and degradation processes leading to 
poly-acid formation, and the application of the stereochemical 
structural principles which have been derived from crystallographic 
chemistry. It is still difficult to combine the results of these two 
approaches into one self-consistent explanation of the facts. 

The Mechanism of Poly-anion Formation. — A variety of 
physico-chemical methods has been employed in studying the pro- 
cesse.s of aggregation and degradation in iso- and heteropoly acids. 
These methods include, especially, the direct determination of the 
ionic weights of the various species formed, cryoscopic measure- 
ments of the changes in the number of ions as each step in the 
aggregation takes place, and determination of the stoichiometry of 
the condensation reactions, which involve h\’drogen ions. It is true 
to say that not one system has as yet been properly elucidated, but 
certain basic chemical principles underlying the formation of poly- 
aeida are now probably understood. 

The systematic study of the condensation reactions, and the 
recognition of their very general character, is due largely to G. Jander 
and his school.^ Their work has been based largely on the attempt 
to measure ionic weights directly, by measuring the rate of diffusion 
of ions, in the presence of a large excess of an inert electrolyte 
(usually NaNO^) to provide a uniform ionic atmosphere. It is then 
assumed that the observed diffusion coefficient D is related to the 
molet'ular or ionic weight, il/, by an expression of the same form 
as Graham’s law, namely that D.z.x'^ = constant, where z = the 
spocilic viscosity of the solution (i.e. z = r]^o}n./Vu^o)’ However, 
it has heroine clear that sucli diffusion measurements cannot furnish 
very j)n‘<‘i'^e <piantitative data, ^nd that the results must always be 
considered in conjun<-tion with other evidence. In particular, the 
simple form of diffusion law, aj>plied to solutions by Riecke (1890), 
cannot bo strictly true for tlie diffusion of molecules of a solute, 
though it is valid for colloiflal particles. A solution is a liiglily con- 
densed system in wliich tlie size and effective shape of a diffusing 
molecule, and the magnitude of tlie charge on an ion, undoubtedly 
enter to some extent into the diffusion coefficient. Furthermore, 
the measurements are necessarily relative ; they involve comparison 
of diffusion rate.s witli some ion of known ionic weight. It is there- 
fore necessary to make assumptions about the degree of hvdration 
and effective diffusing mass of the reference ion, and also about the 
degree of hydration of the poly-acid anions themselves. All these 

® For sumnmrios see Kolloid Bciheftc, 1934, 41, 1, 297; 1942, 54, 1. 
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factors restrict the usefulness of diffusion measurements, and 
Jander’s work has been criticized accordingly.^ None the less, it 
makes a substantial contribution to the present status of the subject. 
It is more rapid, and experimentally simpler, to measure dialysis 
coefficients, rather than diffusion coefficients. This has been done 
by Brintzinger ^ and by Jander,® with results that accord m general 
with diffusion measurements. However, the mterpretation of 
dialysis measurements is free from none of the criticisms applied to 
diffusion, and the properties of the membrane can introduce an 


additional uncertainty. . 

Nevertheless, the evidence obtained from diffusion measureincnts 

is of more than qualitative siguilicance. The results obtained for 
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environment, in complete equilibrium at every point. Increase in 
the hydrogen ion concentration has the effect upon the diffusion 
coefficient seen in Fig. 32. In general, there are ranges of hydrogen 
ion concentration over which a uniform diffusion coefficient implies 
that practically all the tungstate anions are present in one state of 
aggregation. Transition from one state of complexity to another 
takes place, over one or two units of pH, at a hydrogen ion con- 
centration determined by the equilibrium constant of a condensation 
reaction — e.g. 

7iWO"' + 2mH+ ^ + mHoO 

According to the numerical data of Jander and Exner, the dialysis 
coefficient has a steady value between pHl4 and pH8. It then 
drops to a second steady value, which persists in dilute timgstate 
solutions from pHG to pHl*5. In concentrated solutions there is 
some disputable evidence for a second transition, shown dotted on 
the diagram. At some hydrogen ion concentration close to pHl 
the iso-electric point is reached. Such solutions are unstable, give 
low and vjiriable diffusion coefficients, and deposit precipitates 
of tungstic acid more or less rapidly. However, at still higher 
hydrogen concentrations it is possible to obtain solutions (albeit 
nietastable) in which the diffusion coefficients rise once more, 
evincing evidence for the presence of ionic-disperse tungsten 
cotnj)ounds.® 

The physical process operative throughout these changes is the 
progressive aggregation of negative ions (by elimination of water), 
as their negative charges become neutralized by hydrogen ions. 
Only the ffr.st few .stages in this process lead to the formation of 
stable species, existing over any wide range of conditions and 
capable of isolation in the form of crystalline salts. As the ratio 
of ionic weight to ionic charge increases, the potential of the ions 
falls, and aggregation is increasingly favoured. There is then a 
rapid change ov<‘r from the conditions under which poly-anions 
are stable to those favouring negative colloids. Finally, at the 
iso-electric point, the ratio becomes in fini te, and precipitation 
occurs. If the iso-electric point is passed, the charge may change 
sign, and complex cations may even be formed, with consequent 
degradation to the ionic-disperse state. 

Diffusion measurements reveal quite unambiguously the exist- 
ence, in stable solution, of successive distinct stages of condensation. 
The approximate degree of condensation at each stage can be 
deduced, but for the reasons mentioned earlier it is not always 
possible to distinguish between alternative interpretations of the 

« Cf. E. Buchholz, Z. anorg. Chem., 1940, 244, 149, 168. 
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reactions. The values obtained for the ionic weight, calculated 
from Riecke’s equation, are sensitive to the assumptions made about 
the reference ion {see above), so that wh^t it is certain t^^t there 
is no evidence for the existence of a W^O, ion (c/. Cr^O, ), the 
species existing in acid solutions might be either a 6- or 7-fo d 
aggregate. Jander considers that another species of approximately 
twice the ionic weight is present m concentrated solutions more acid 
than pH3. To carry interpretation of the results further it i^ 
necessary to consider briefly the chemistry of the tungstates and 

“The metaUic molybdates and tungstates, classiaed in the 

older literature simply according to the ratio of (or U3) 

to metaufoxide, g.^Jthe ^ / no^'r I’t 

acids must exist. However, the ratios R.O . XO. 8 ™ 

information about the true molecular complexity, and 

of distinct poly-acids is, in fact, much leas than mig t be infer c . 

As has been indicated, the species of 

depends on the hydrogen ion concentration. Hcmcc t ^s^ikU 
that, over the pH range characterised by a constau diftii o 

coefficient, the salts crystallizing m stable “ tTo 

represent metastable species, and do not crystallize. 

anions predominating m alternative modes 

There is also a serious analytical dimouity metals) 

of formulating the ^‘‘'t^ fn thXbsence of the most precise 

“‘The Molybdates.-The metallic molybdates described in the 
literature -” Xo'aq “XHlkairslhs are obtained 

""at t™lybdaX “obtaineil Irom solution are all 
hy?ratod.^lS^ Na.0.2Moo/4,5 or OH.O-with a narrow range of 

•Of. Jander, .Jahr and OiiTcomp'' 

>.i. Goiter, Bu'LS,. But L Cni,,. France. 1B47, 14, 

216. 709; 1945, 220, HO. O. tarpcni. 
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stability about joHG. They have usually, although quite arbitrarily, 
been formulated like the dichromates. Recent work makes it 
doubtful whether they exist at all since some, at least, of the modes 
of preparation that have been described furnish mixtures of normal 
molybdates and paramolybdates. Anhydrous dimolybdates, such 
as NagMogO^, can be formed from melts, ““ but the ion MogO?®- 
does not exist as a discrete group. It exists within the crystal as 
an i nfini te-chain anion, of rather complicated structure, which 
cannot pass into solution without being broken up into smaller units 
by a process of hydration. 

Paraniohjhdaies. These are the most stable pcljunolybdates 
in solution. Their saturated solutions have pH about 4 - 5 . 
Klason 12 formulated them as if derived from H5[:\Io30i,]. Sand 
and Eisenlohr'2 as if from liio['^lo^204il and the weight of 
Rosenheim s work was for long taken as strong evidence for the 
fornmla 5R2O.i2MoO3.aq ^.^7. 5Na20.12Mo03.38H20, with 

Na^O : M0O3 : HjO = 1 : 2*40 : 7 -GO. However, the alternative 
formulation SRjO.TMoOa.aq (leading to 3Na20.7Mo03.22H20, 
With NuoO : M0O3 = l : 2*33 : 7 - 33 ), suggested earlier by 
Delafontaine,*^ is equally in accord with the analytical data. The 
true formula is di.scussed below. 

'J rhHohjbdates, R2O.3MoO3.aq, are formed by saturating alkalis 

with molybdic oxide, and their saturated solutions have pH = 4 - 4 . 

Ihey crystallize also from paramolybdate solutions iu the presence 
ot acetic acid. 


• * X* ^ I I * i ^ ^ .aq, formed from concentrated solu- 

ticms of alkali molybdates treated with 1-5 molecules of hydrochloric 

ncKl. All are liydratotl, retaining some water even above 120 ®. 

OctomohjhdaU's, R2O.8MoO3.aq, are formed from concentrated 
solutions of alkali molybdates with 1-75 molecules of hydrochloric 
acid. Ihey form a heavily hydrated, well-crystallized isomorphous 
series, but r;*athly lose their crystal water with simultaneous decom- 
position. On Roseiihei.u’s theory, both nieta- and octomolybdates 
were regarded a.s salts of the 12-molybdic acid H,o[H„(Mo20,)«]. 

R20.l0^1o03.a^ from concentrated alkali molyb- 
dates and hydrochloric acid. Unlike the metu- and octomolyb- 
dates, they have little power of coagulating albumen. It may also 
be .sigmhcant that (NH,)20. 10Mo03.4H„0 is described as yellow, 
whereas the polymolybdates proper are colourless. 


No. I. 


1^*50 (iv). 15. No. I. 

Hocrmaiin, Z. anorff. Chcin.. 11I2S. 177 I45 
Lindqviat, Ada Chem. Scami.. 1950. 4, ’ioug! 

“ Ber., 1901, 34, 163. Z, anorg. CJuvi., 1907, 52, 68, 87. 

Z. anorg. Chem., 191b, 96, 141. Jc j praki. Chem., 1865, 95, 141. 
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Liudqvist Las establislied fairly conclusively that the meta- 
molybdates and octomolybdates are all derived from an octo- 
molybdic acid, H^CMogO^el, although more highly ^ndensed 
molybdate anions also probably exist in the form of taeir salts, 
and may be contained in the decamolybdates, I6-molybdates, etc. 

Condensation equiUbria in molybdate solutions, as shoxvn by 
diffusion measurements, are closely similar to those illustrated m 
Fig. 32. There is evidence for, at most, two condei^ed amous m 
the solutions ; an anion assigned an ionic weight of about 900 and 
interpreted by Jander as a hexamolybdate ion and perhaps, 
although not certainly, an anion of about twice this complexity, 

between pH 1-5 and pH 1-0. , i i • 

The formation of the paramolybdates can clearly be associated 

with the existence of the C- or 7-fold polymolyhdate ion between 
pH 6 and pH 1-5. There is now no 

are heptamolybdates, with the anion [M07O2J] • a 

Tettamanzi - prepared mixed paramo ybdates of aminon nn and 

tricthanolainbie, affording distinct amilytical 

the older heptamolybdate formula. More recently, Lindqvist 1 .is 
made very precise complete analyses of sodium and 

paramolybdates, using the powerful nen . simiiiicaiitlv 

ifforded by ion exchange processes, , 

point to the formula K8[&Io7024]-aq- This co , 

Le. confirmed beyond doubt by X-ray incasurcinents of 
dimensions and density of ainmoniuiii paramoi) bdate In ato 

weight units, the contents of the unit cell f 

which corresponds to M = 1240 ± 5 on the p obablc assuinp 

(NH ) H ra ('moO n H7O has M = 1057; andTbe boptainolybdato 
WulMra:UMo:02.].4H,0, lias M = 125C. Only the latter is 

compatible with the experimental results. „st.il)lislied 

tL formula of the crystalline paramolybdates tlms estab slie^^ 

It Still rf*mains to be shown that the anion [^107024! cxi.sts as 
It still remain considered that conductometric titra- 

8uch in the solution. Janacr consiucx nrpnr(lin<T to 

tions indicated that a hexamolybdate ion va r- * jQjj a'tri- 
equation (a), perhaps through the intermediate formation ol 

molybdate ion [MogOn]*"- 

(a) 6 M 0 O/- -t- 7H+ [lIMoeOj,?- + 311,0 

>. AUi AcoA. Sci. Torino. .935, 70, 382 i CUn.- AU. .035, 29. 7804. 

*’ Ada Chem. Scand., 1948, 2, 88. 

»J. SturWvant, J. Afoer. Chem. Soc.. 1937, 59. 03U. 
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molybdate. The alternative reaction (6) requires 1*143 H+ ions per 
]\Io04-~ ion, or 57*1 per cent of the total acid for neutralization. 
The results of conductometric titrations cannot distinguish between 
these alternatives. 


(b) 7 M 0 O 42 - + 8 H+ [Mo^Og^]*- + 4H2O 

Bye has examined the stoichiometry of this stage of the conden- 
sation by the method of ‘ thermometric titration a cryoscopic 
procedure in which a solution of sodium molybdate in fused 
Na2SO4.10H2O + NaoS04, at its transition temperature, is titrated 
with sulphuric acid. Under these circumstances the change in 
depression of the transition temperature reflects directly the change 
in the number of anions as condensation takes place. According 
to the results are sufficiently precise and reproducible to 

distinguish significantly between processes (a) and (6), in favour 
of the latter. However, this is still an open question. It is not 
inij)ossible that, as supj)osed by Jander, the predominant species 
in solution is the hexamolybdate ion, but that the paramolybdates 
are the product of the additional process (c). 


(r) [IIMoeOs,!"- M0O42- + H- ^ [Mo^Oa*]^^ -f H^O 

Although, in .solution, the equilibrium ma}’ lie far to the left-hand 
side, it c<juld be shifted in favour of the heptamolvbdate ion at the 
surface of the growing crystal. 

If it may l)e concluded that the constitution of the paramolybdate.s 
has Ijcen esta!)lished, the di-, tri- and tetramolj’bdates should be 
capalile of formulation as acid paramolybdates. It is not certain 
that .such a conclusion can be harmonized with the analytical 
<‘\idcnce, and it may be that some of these are, in fact, derived 
from he.xamolyiidato or octomolvbdate anions. The constitution 
ot the compounds ri. !,,-,- i,x MnOg is obscure. Bve’s work affords 
no cvalence f.>r the lu, • ation of 12-molybdate anions, and in view 
ol the tact that tlie .-io-electric point of molvbdic acid is at 
ydl Ddt,"*' it is possible that the yellow dccamoiybdntes, at least, 
are molylxlenyl compouiuls, containing cationic molybdenum in the 
form of [MoOj]"'*' or [MoOp'^ group.s. 

The Tungstates. — As with the molybdates, numerous tungstates 
of the metals have been described, differing in their R2O : WO3 
ratios. Of these, howt'ver, tliree classes stand out as well defined 
and of the greatest importance: the normal tungstates, R2WO4, 
crystallizing from alkaline solutions, the paratungstates, 
DK2U.12\\ Oa.aq or 3H20.7\\ Og-aq, crystallizing from weakly 
acid solutiou.s, and the metatimgstates,' R2O.4WO3, formed by 

Bull. Soc. Chim. France, 1942, 9, 517. 

G. Carpeni, Bull. Soc. Chim. France, 1947, 14 , 496. 
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dissolving tungstic acid in sodium tungstate and also, under specified 
conditions, from strongly acidified solutions of Na 2 W 04 . Copaux 
showed that the metatungstates are isomorphous with the phospho- 
tungstates and silicotungstates — i.e. with the typical 12 -hetero- 
poly acids. Hence they are undoubtedly to be represented as 

3 R 2 O.i 2 WO 3 .aq. , . . 

The paratungstates, however, are not isomorphous with the 

paramolybdates, and it cannot be assumed that they should be 
represented by analogous formulae. Cogent evidence, based on 
careful analytical work, has recently been advanced to show that 
the ratio Na 20 : WO 3 in sodium paratungstate is 1:2-40 as 
required by 5 Na, 0 . 12 \V 03 . 28 H, 0 .“- “ It .s evident from Fig 
32 that, over the wide range of conditions under which soIk 
paratungstates may be in equilibrium with the solution, the latter 
contains^ 6 - or 7-fold condensed tungstate anion. X-ray measure- 
ments of the triclinic crystals of sodium paratungstate ^ 

the weight of the unit cell is not compatible with the formula 
SNajO.TWOj.ieH^O, but would represent just two molecules of 
5 Na, 0 . 12 W 03 . 28 H 20 . However, since the dilVusion mcasu 
mente point to an ionic weight of 1300-1500, the ion m soKd.on 
cannot be a 12 -tungstate ion. It may probably ^ 

unit cell of the crystal contains four 

54 molecules of water, two molecules of water being comtitutionah 

ThU formulation of the paratungstate ion is *' 

physicochemical studies of the , 3 ^ that 

Luebay » confirms the views of Jander and Heukesboven, that 

the paratungstate anion is formed by t e reac ion 

(cl) GWO,^- -+- 71I-- ^ [HWoO^ip- -b 3 H 3 O 

It has also been fairly well o.stabli.sbcd that, at 

concentrations, a further ' 

hexatungstatc ion. Unlike reaction (d), this is “ P lXm of 

is in Dart respon.sible for the change in projiertics, oi ageing, t 
• w respoD'i g. diffusion and cryoscopic 

acidified tungstate solutions, oincc, u „n,lpr<To 

measurements show, the molecular comp exi > r(;Drescnted* 2 o 
change through this process, the reaction can only be represented 

as (e). 

(e) [HW8O21?" + 2 H+ ^ [H3W6O21] 

« Ann. CAtm. Phys., 10U9 17, 2 ^: 1012 25. 22. 

” K. Saddington and U. m. J.C.-S., chim., 1043, 

»’R. H. VaUance, J.C.S., 1031, 1421 . i. oouc.mv, 

18, 61. 

“Ann. Chim., 1043, 18, 61. 

“ Z. anorg. Chem., 1930, 187, Wl- 

*• P. Souchay, Ann. C'A»w., 1043, 18, 109. 
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The product [HaWeOai]®", called by Souchay the pseudo-meta- 
tungstate ion, is to be regarded as structurally distinct from the 
para tungstate ion, and not merely as an intermediate stage in the 
dissociation of a fairly weak acid. Since it persists — in moderately 
dilute solutions, at least — up to fairly high hydrogen ion concen- 
trations, it is probably this species which reacts with other acids 
to form the heteropoly-tungstates. 

The reactions given are, however, still inadequate to explain fully 
the properties of solutions within the paratungstate range. "WTiereas 
solutions freshly acidified to 6 react instantly with hydrogen 
peroxide, aged solutions, or solutions freshly made from crystalline 
paratungstate, react only slowly.®’ Souchay considers that this 
implies an equilibrium in solution between two species of hexa- 
tungstate ions, which may differ structurally or in respect of hydra- 
tion : ‘ paratungstate A formed by a rapid reaction between 
WO,,®" ions and H+ ions, is itself reactive towards hydrogen per- 
(ixiilo, hydrogen ions, etc. ; ‘ paratungstate B ’ is the anion present 
in the crystalline salts, and reacts in solution through its inter- 
mediate conversion to paratungstate A. 


6 

rcat 


paratungstate A 


» rfrimcfiOiC 
reaction 


A 


pH 


wo ‘ 

H 4 ^ 

(h,w,o.,] 

'f •melatungstste 

H.WO, 

• •• 





paratungstate B 


[WOilO,),]' 

Ao reaction 

solid salts 


h .3 





8 . 


lw„o,o] 

metot ungstatc 


It is still uncertain whether the hcxatimgstate ions and meta- 
tungstate ions are inter-convertible, as supposed by Jander, since 
it lias been stated that the [Wj^Ojo]*' ion is stable in solution 
up to j/H 6, and probalily degrades directly to the simple timgstate 
ion. The conditions under which metatungstates are prepared are 
generally such that reaction could take place between free tungstic 
f>xide hydrate, tran.^^ieiitly formed, and some one of the species 
present in solution. 

1 be reactions occurring in tungstate solutions are thus more 
complicated than could be inferred from the appheatiou of any one 
physicochemical technique : it is possible that a similar complexity 

is masked by a greater labihty. It has 

K. F. Jahr, Xaturwiss.. 1941, 29, 610. 
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always to be borue in mind that the stoichiometric equations such 
as (6) and (d) do not represent the actual chemical mechanism of the 
reactions. These must proceed by kmeticaUy simple steps, probabl} 
involving successive reactions with the simple ions present m 
extremely low equilibrium concentrations m the presence of t e 
condensed anions. Slow ageing processes, and 
not derived from the dominant species of 

solution, can both be regarded as consequences of the complexity 

of the true mechanism. i j o 

The Polyvanadates .-If no finaUty has been reached as to the 

constitution of the tungstate and molybdate systems, 

of vanadio acid is stiU more obscure. It has long ^een t tio 

vanadates of the alkali metals and of silver 

T> o • V O =3-1 2 : 1 and 1 : 1, analogous to the ortho- pyro 

an“d mifthosphaies. This similarity -.ssentaaUyJ-nal.^hm 

ever ; whereas the phosphoric acids represen phosphoric 

the hydration of phosphorus pentoxide, mid t P. ^ ^ 

acids Le irreversibly hydioly.sed to “thophosphate m solutiom^^ 

by changes in hydrogen ion concentration. 1 “ ,Xs jn 

J successive stages in a condensation process 
the precipitation of V.O, This pmeess “f 

beyond the stage of metavauadate. I\ hen . tfaii.sieut brown- 

colourless solution of sodium vanadate, a, p ,.„nmv-oran"e 

ish red colour is developed, which pa.sses over into a 

Since the pH of such acidified solutions takes t “ 

value, it is evident that reaction procce >y • ^ q . y q 

intermediate compound. Salts 

Dullbcrg,- from a -"IPt^atfand tLvfin^dat^^^^ were 
foW^ turn. ItTslig^reed that the first reaction . occurring about 

pH 11, is 

2VO43- + 211^ [VaO,]" ^ b H.,U 

Diffiniion data 30 indreate 

metavanadates and the orange poly\ - . j j respec- 

tion processes take place at ^ ^ -^r ousW as 

tively. The metavanadates^ The etiX 1 is Lt decisive. 

RgfVaO,! 31 and as K 4 [H 2 V 40 i 3 ]. J 

- Friedheim. ifer.. 1800. 23. 1630. 2000 ; ;!• - ’ 

lloBenhoim, ibid., 1912, 98, 223. 

**Z. phys. Chem., 1903. 46, 129. ^ 

•• Jander and Jahr, Z. anarg. franu, 1946. 13. 160. 

P. Souchay and G. Carpem. Bull. boc. Cftim. 
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but the first formula, which accords with the molecular weight 
found for the supposed esters of metavanadic acid, would lead to the 
formulation of the orange vanadates as R4[V60i7].®^ A number 
of the salts isolated from acid vanadate solutions can be satisfac- 
torilv represented on this basis — c.g. 2Na20.3V205.16H.>0 or 
Kaj[Vs0i,].16H20, Na20.2V,05.9§H20 or 

However, vanadates with RoO : V2O5 = 4 : 5, 3 : 5 and 2 : 5 are well 
authenticated also,®* and electrometric measurements have been 
interpreted as requiring the formation of a penta vanadate ion, present 
as [HaVgOie]^" the orange solutions. Whilst the balance of 
evidence probably favoui’s the hexavanadate formula for the species 
existing in acid solutions, direct evidence is lacking. 

Beyond the iso-electric point of vanadium pentoxide (pH 1) there 
is no doubt that the formation of vanadyl cations, [V02]'*", takes 
place. It is higlily probable that some compounds reported in the 
literatun* as vanadates, with light colour and high V^Os content, 
actualiv contain cationic vanadium. 

The Formation of Heteropoly-acids. — The work described in 
the foregoing sections provides some interpretation of the processes 
n'Spoiisiblo for the f<jr!nation of the isopoly-acids. It should be 
]x>ssil)h! to cxtoiul the interpretation to those mixed solutions from 
wliich the salts of heteropoly-acids are obtained. Since these com- 
])ounds arc always prepared from acid solutions it would appear that 
phosphor ic acid, silicic acid, etc., may react either with some pre- 
<‘xisting isopoly-acid anion, or with the small concentration of 
siinplc ions present in equilibrium with the isopoly-acids. 

There is as vet not much «• . i Icnce as to the coustitution of 
heteropoly-iicid solutions. Measm -»nents of diffu.sion and dialysis 
show (jiiite (lelinitely that, except perhaps in the most concentrated 
solutions, the anions of the 12-poly-acids are dissociated into species 
having a!)out the same ionic weight as those present in pure 
niolylxlate or tungstate solutions at the same hydrogen ion con- 
centration. Tliero is agreement between Jander and Souchay that 
the formation and breakilown of, c.g., the 12-tiingstophosphatc ion 
ean be reprc'seiilcd as a reaction between the j)hospliate ion and the 
p.s(*udo iiietatung.state ion, [IljWsOoi.aq]®". This probably imphes 
that the only heteropoly-ucid anion in the solutions is a 6-tungsto- 
pho.s{>liate ion wliich i.s not known in the form of any cryst-alline 
salts. 

Kos«-tih. im. I’ii-ek and Binsker. Z. anonj. Chem., 1910, 96, 139. 

Jjiiuler aiul .lalir, ihiil.. 1933, 211, 49. 

BiitUm and KoUinson. 1932. 19i»o ; Britton and Welford, J.C.S., 

1940, 701. 

Jander and Witzniann. Z. nnortj. Chem., 1933, 214, 145; Jander, Z. 
pfiys. Chem., 1040, 187, 149; Jander and Kxncr, ibid., 1942, 190, 195. 
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[P04.12W03]2- + 3 H 2 O ^ [HaWfiOaJ®- + [POj.WeOiar- + 3H+ 

[PO^.WeOie]^*- + SHaO ^ [HaWeOia]"" -i HePO^" + H + 

Both of these equilibria would be shifted strongly by an increase 
in acidity, in accordance with the fact that the salts and the 
Drechsel ether complexes of the heteropoly-acids can be prepared 

only from strongly acid solutions. • j *1 1 

The formation of poly-acide of the 1 : 6 senes can evidently be 

fitted to the same scheme of reactions, as also can the so-called 
1 ; 9 acids, since these are generally ““"“I®'';:'! hC 

sented by the doubled formula— c.3.Nas[(F04)2.18\\03].aq. Ho 

ever, the^formation of the 1 : 11 (or possibly 2 : 2'-) 
by the salt 7K30.P303.22\V03.aq, cannot be explained if the 
reactions involve only pre-existmg hexatungstate ^ 

stage. The acids of this series have some importance, - 
been stated »» that they are the first degradation 
12-tungstophosphates and the other acids of the 1 ' 1- J 

this is correct, it implies that the simple M O3- and M0O3 mils 

"‘‘?L?irructu« orttToly.acids.-The general conclusion to 
be draivn from the foregoing discussion is that the P“ 
formed by a sequence of -vers.ble reactmi. o the_ 

ing ’ type encountered previously (Chap ; i,»nlvbd<*iuim 

aggreg^iou, the anions conUinmg six \ 

tSgsten. a^d possibly vanadium also are 

of plrticlrlar stability which " n^ itgo 

incorporation m the crystals of tl ' studies of the 

a stage in the aggregation P™“^; p„ly-aci<Ls finds 

The present conception of the t t complexes of high 

Its historical origm in a theory °f polyatomic ion, 

co-ordination number might be b Accepting the Rosenheim- 

rather than about a central at . fL,„ i,vnothetical acids 

Miolati view, that J 

Hr,-„[XO.], Pfeiffer 1 ioiri.i a .second shell, 

might be co-ordinate ^ , ^P,„. stereochemical con- 

givmg, for example, investigation of 

ceptions which have emerged f om first 

crystal structures have been applic 

1020 11 104- Souchay, iW., 1945, 20, 73. 

••Malaprade, Ann. Chtm., 1920, U. m* » 

»’ Z. anorg. Chem., 1018, 105, 26. 
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by Pauling, and then very successfully by Heggin, to the theory 
of the 12-poly-acids. 

It has been shown, notably by W. L. Bragg and his school, that 
the structures of silicates and similar complex crystals can be built 
up of positive ions {e.g. Al®+, Ca®+, Si*+) and negative ions {e.g. 
O®", OH"), so arranged that each positive ion is surrounded by a 


Table 3 


j Radius ratio 

1 limiting Ra/Hb 

Co-ordination , 
number | 

1 . 

Resulting geometrical \ 
con/iguration 

1 

1 

1 

2 

linear 

1 016 

3 i 

plane triangle ! 

0-22 

4 

tetrahedral 

' 0-41 

4 

square planar ; 

0-41 

6 

octohedral 1 

0-73 

8 

cubic < 

i 


Table 4 

Co'ordinalion Numbers of Ions in Oxides 


Qoldschmidt co-ordination number ' 


Ion 

Radius ratio 







Predicted 1 

Observed 

. . . 

0-20 

3 

or 

4 1 

3 and 4 

Bo2+ . . 

0-25 


4 


4 

. . . 

0 37 


4 


4 

A13+ . . . 

0-41 

4 

or 

6 

4 and 6 

Mg*+ . , 

0-47 


6 


6 

. . . 

0o5 


6 


6 

So3+ . . . 

000 


6 


6 

Mo®+ . . 

0-53 


6 


6 

Zr*+ . . . 

0-62 


G 


6 and 8 


regular geometrical array of negative ions. The co-ordination 
yiumhcr of the positive ion, in this crystallographic sense as con- 
ceived by V. M. Goldschmidt,^ is dependent only on the ratio of 
the radius of the positive ion, to that of the negative ions, Rji 
(Table 3). 

For the metallic ions, co-ordinated with oxygen, the Goldschmidt 
co-ordination numbers 4 and 6 predominate (Table 4), so that the 

“ Per., 1927, 60, 1203. 
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structures referred to may be built up from tetrahedra and octohedxa 
of oxygen ions, so packed to share edges, corners or faces that the 
correct gross composition and the correct sjTnmetry are o tame . 

It follows from the data of Table 4 that there is room about 
an Mo«+ or \V«+ ion for an octohedron of oxygen ions. Pau^ling 
accordingly suggested that, in the 12-poly-acids, twe ® 

octohedxa are Unked by each sharing three corners with neighbour- 
ing octohedra. Each then has three unshared corners. To ^turate 

these, Pauling assumes that hydrogen ions are taken up (part ot 
the crystal water being then constitutional), so that a sta ) e, neu r 

M, A.(OH),. group is formed (Fig. 33 (“) “"'J ' 

the octohedra are represented diagrammatically hy small circles). 




, , (i) 

F,o. 33.-Thc .iructSu of th. 12 

to Pauling. Twelve linkttl logflti r nu .sliowii 

(Sio^w, jO, 8(011),,]* 

In the centre of the structure thus formed there 

tetrahedral ion, XO,. Tlie total ba.sici y ° ^ where n is the 

identical with that of „wTng’ CopL-X and Kose.ihei.u, 

a [H A]«- central ion. The formulm arrived at are thus . 


H2O4.M0, 20,8(011)36] 

BO4.M0, 20,9(011)36] 
Si04.Mo,20,8(OH)3e] 


metamolybdates X = Ho 

12 -molybdoboratcs D ijs 

12-molybdosilicaU*3 bi II 4 - - i u 

Tim hash^ies ag- .th ;hos«^^ ^l^i 

eightLTmoSrs ’of constitutional -ater thjs is ■njecord 

wfth the known facts. Thus. "eluding 

12-tung8to8ilicic acid, dried at 100 , formula is 

the four ionizable hydiogen atoiiw, so although 

Six molecules of this water, but not more, ait^uoug 

» J. Anur. CW SoC; »*• 28^ Itosenlieim. Z. anorg. Clutm.. 

Proc. Nat. Acad. Set., 1929, IS, 49^ 557. 

1934, 220, 73 ; Kahane, DuU. Soc. Ch%m., 19 , L J 
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very firmly held, can be removed by dehydration without breaking 
do>\*n the poly-acid, giving a product, H4SiWi204o, which must be 
regarded as the anhydrous acid. This form of anion, [RMig04o], 
seems, indeed, to be the lowest form obtainable by dehydrating the 
12 -poly-acids generally. It is present also in those 12 -heteropoly- 
acid salts which are obtainable in the anhydrous state — e.g. 

KgPW 12O40 R3P M0J2O40 

(NH4)3AsWi204o K3HSiMoja04o 

Tl 3 HSi\Vi 204 o (NH4)3HMnMoi204o 

(NH4)3HTiMoiaO40 

The existence of this form of anion at once rules out both the 
Rosenheim and the Pauling theories, but it has been made the 
basis of a similarly conceived structure by Keggin. The real con- 
tribution made by Pauling was the idea that the anion of a poly-acid 



Fio. 34n and FlG. 34&, 


can be regarded as a self-contained unit having the typical oxide 
co-ordination structure. The sharing of comers and edges between 
MOe octohedra is the ( haracteristic basis upon which the trioxides 
M0O3, AVOg and all tl. complex intermediate oxides of tungsten 
and molybdenum are c ustructed.^ 

Keggin, ^2 Pauling, builds up the poly-acid anions on a 

co-ordination structure. A tetrahedral XO4 ion at the centre is 
surroimdcd by MoOg or \\ Og octohedra. Each corner atom of 
the XO4 group is shared with three octohedra (Fig. 34 (o)), each 
of which also shares one oxygen atom with each of its two neigh- 
bours. The four M03O13 groups so obtained are linked together 
by sharing corners (Fig. 34 (6)). giving an anion [XM12O40]®-". 
The packing together of such anions in the crystal leaves large 

« A. MagnoH, Arkiv Kemi, Miyi., GeoL, 1940, No. 24A ; Acta Ckem. Scaiid., 
1948. 2, 501. 

** Proc. Roy. Soc., 1934, A, 144, 75. 
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spaces to be filled, thus permitting the existence of high hydrates 
—e.g. H 3 [PWi 204 o]. 29 H 20 . This hydrate readily loses water down 
to H3 [P\Vi204o]. 5H20. In the salts, the space occupied by three 
of these water molecules is taken by three cations, thereby acccmnt- 
ing for the preferential formation of such salts as K3H[SiMoi204ol, 
even where the complete replacement of hydrogen might be 

expected.*® , ^ 

The outer cage of the Keggin structure is complete m itself. 

whether or not the four innermost oxygen atoms are shared also 

with some central XO4 group. There is therefore no need for the 

artificial hypothesis that metatungstates arc derivatives of some 

ion; raetatungstic acid is properly to be represented as 

model of Keggin’s has been very fully substantiated by the 
X-ray study of numerous 12-poly-acids and their salts, ^ 
the structure of these compounds can be considered as csUbl she 1 
with a high degree of probability. There is no 
for the structure of other series of poly-acids e.g. 10s ■. 'jui.. 

or 11 M0O3 or WO3 for each central ion. ^ 

to regard them all as binuclear structures, sharing , - 1 

MOfl octohedra between two anionic cages. •* 

The same principles can be applied to the problem of the G-poly^ 

acids. On Rosenheim’s formulation, the ‘ 

tyne R fXlMOJJ in which the and Mo®+ 10ns are at the 

c^tr^ofLtratL of oxygen ions .U may be seen -.ver 

from Table 6, and as is the case in the 12-po y-acids ' 'th oxvucn 
Mo«-^ ions must normally be in 6;foId co-ordination 

One geometrical arrangement which fulfils ® y „ 35 

rXM.Ood CTOUP is that illastrated diagrainmatically m hi . 60 
where six MO- octohedra are arranged in a hexagona anuu us, s 
as to share two coruers with each of 

hedra.‘» The central cavity of the “do," 

iust acconr^odates one, octohodr^^^^ so^tl.t^ orcUnTr. 

The bStyrfTe anion so formed is 12-n (where « = 
of the element X), as on Kosenhenn's 

hedron thus plays in this structure c san I nolv-acids 

central XO, tetrahe.lron in Keggm’s structure fur 12 Po y aods. 

A. J. Bradley and J. W. J. A. 

“ J. W. Illingworth and J. I- q Kraua, Z. Kriet.. 1935, 91. 

Santos. Proc. Hoy. Soc., 1935, A, 150. 303. U. n.ra 

402 5 1930, 93, 379. r.fl.rsais haa in fact, been verified for tlio 

« Cf. Pauling, ref. 40. This hypothcsiB h^. m i 

184ungato 2-phoBpbato (B. 

••Ts. Andorsin, Nature. 1937, 140, 860. 
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It is noteworthy that the elements which can serve as central 
atoms in the 6-poly-acids are just those which exhibit the co-ordina- 
tion number 6 in their oxy-acids (H7[IOa'|, Ha[TeOQ]) or their 
hydrated oxides (FeO.OH, Al(OH)a). 



Vui. --Tiic Hlnicture of the iuiu 


The structure roproseiited in Fig. 35, 2)roposed for the 6-poly-acid.s 
on stereoclioniical grounds, has been found by Evans to represent 
correelly the anion r)f potassium and ammonium molybdotellurate. 

Since the parainolybilatevS have been shown to have the formula 

it might be supposed that they could bo regarded 
e:-:sentially as 6-poly-acids, but with molybdenuiii serving also as 
the central atom of the complex, R6[Mo.Moa024l- Lindqvist 
finds that whilst the [M0-O04] anion is, indeed, based on the same 
principles as the struiture discussed, its structure is that shown 
in Fig. 3Gri. dilTering from the other in the manner of sharing of 
two octohodron cilgcs. In the light of what has been said above 
about ageing j)rocesse.s in solutions, it may perhaps be significant 
that in the 6-molyl>duteIlurat(*3 and the parainolybdates there are 
lound two variants of a 0-poly-acid structure, convertible one into 
tile other by the hydrolytic opening and reformation of a pair of 
oxygcMi bridge.s. 







Fi<j. 30. 



Ihc o(tti>iiK)!ylMlatrs contain a complex anion of analogous struc- 
tiire (Fig. 30c). The configuration of this anion, however, is such 

J. Amer. Chem. Soc., 1948, 70, 1291. 

I. Lindqvist, Arkiv f. Kcmi, 1950, 2, 325. 

^'■*1. Lindqvist, ArlAv f. Kctni. 1950, 2, 349. 
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that it cannot be formed by the direct condensation of an MoOj^ 
group with the paramolybdate ion. These do not, therefore, 
exactly represent successive stages in the condensation. 
highly suggestive, however, that both species could be formed y 
condensation processes from the same hexainolybdate unit 
(Fig. 366) ; even though this has not yet been met with m a 
crystalline salt, the evidence for its existence in solution is strong. 

Jabr “ has pointed out that the compact structure of h ig. do, 
now proved experimentally, could be incorporated in t e - y 
acid also, if the four M 3 O 13 groups may bo slightb' rearranged to 
share octohedron edges instead of corners. How far th^ modifica- 
tion would be in accord with Keggin's X-ray data is not clear I 
it were verified it would hold the attractive implication that the 
same unit which exists in acid solutions (if, as is plausible the 10 

written formaUy as [HM«0,,]^- can legitimately be 

water of constitution, as [HM,0,s(OH)J-) appears as a structural 

unit in both the G-poly-acids and the 12 -po y-acids. 


As it stands, the Keggin cage moaci ng y . .. 1 — - - 

acids the basicity of the central acid. Th,s leaves ^ ^ ^ 

high basicities reported for certain .s.l^r, mercury, K “ 

and other salts. If these were bas.c salts, it won d 

that their composition ‘’^xhe Tmc' 12 -tungstosilicate, 

KV 0 r 52 H:o" thtrias been very well charactenscd.- 
IflLS'betrmuLted in any other way than with an^8-ba.c 

anion. This basicity can be attained "" y ' n'ToiI) 1,.18H20. 
molecules are constitutional e.g. hcj [ nrin acid disnlays 

It has also been observed that 

two equivalence points, case it is not clear 

7 equivalents of alkali respectively. i,i,rher thun that 

whether the potential basicity is really our un o point 

given by thi Keggin formula, or whether the T ^ 

represents the completion of a just discussed, 

The Polyphosphoric Acids.-In the J 

the process of formation of ‘ the silicates are 

to the formation of discrete condensation 

based largely, though not exclusively, P section Their 

of [SiO.] g^ups, L will be discussed ... a later section. 
^Nalurwiss., 1941, 29, 628; 0;Da“K-n, KrUl., 1942. 104. 225. 

Na,[PWi, 04 ,].aq. 
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chemistry is concerned with the solid state, and not with equilibria 
in aqueous solution. The ox}'-acids of the Group V elements stand 
between these two classes of poly-acid systems, and work of the 
last few years has shown that the phosphoric acids, and probably 
the arsenic acids also, represent an intermediate stage, between the 
two extreme classes.®^ 

The existence of three stages in the hydration of phosphorus 
pentoxide, represented by the orthophosphates, pyrophosphates 
and inetaphosphates re.spectively, was first recognized and correctly 
interpreted by Thomas Graham, in 1833.®® Graham showed that 
by dehydrating disodium hydrogen phosphate and sodium di- 
hydrogen phosphate, the pyrophosphate and the metaphosphate 
respectively were ol)tained. Fleitmann and Henneberg,®^ and 
subsequently other workers also, claimed that when mi.^ures of 
.■^otlium metaphosphate and pyrophosphate were heated they formed 
the sodium salts of more highly condensed polyphosphoric acids — 
c.g. NasRaOjo. Na^PjOja and NaioPio^si- The existence of these 
com jouiuls was in dispute for a long time, but it now seems to be 
firm y established ®®’ ®® that the only compound found by thermal 
analysis in the system NaPOg -f Na^PjO^ is the triphosphate. 
This is formed ®’ with remarkable rapidity at 600® by the solid 
phase reaction 

NaPOa + Na^P^O, ^ 

but decomposes peritectically at about 620®. 

The conversion of the.se pho.sphoric acids one into another involves 
irrevt'rsible high temi)erature processes, and not the reversible acid- 
base relationship.s discussed in the last section. Structurally, how- 
ever, tile first .stages of ctmdensation take place quite normally, by 
the linkage of co-onlination polyliedra through shared oxygen 
atoms. Writing the formula; of the anions as 


o- 


O 


O 


o 


o 


o- 


()_p__0- 


0_p_0 -P-0- 


o— P—0— P—0— P—0 - 

il II II 

D o O GOO 

they are ljuilt up on the principle already men- 
tioneil Ijy sharing oxygen atom.s between tetrahedral PO 4 ®” groups. 

li. T<ti.lev. i /um. Sor. Quart. Ittv., 11)49. 3. 345. 

Tran--*., 1S.33. 12.^. 253. .lana/cH. 1848, 65, 324. 

K. R. .Amln-ss and K. Wust. Z. miorg. Chan., 1938, 237. 113; 1939, 
241, 19d. 

E. 1». Partridge, V. Hicks atid O. W. Smith. J. Amcr. Chan. 5oc., 1941, 
63, 454. 

« 'I\ Schwarz, Z. anorg. Chan., 1895, 9. 249 ; H. Huber, ibid., 1930, 230, 
133. 
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In each case it has been observed that one hydrogen atom per atom 
of phosphorus behaves as a strongly acidic hydrogen, the remain- 
ing hydrogen atoms being relatively weakly dissociated. Tins pro- 
perty shows up clearly in potentiometric titrations and through 
the formation of acid pj-rophosphates and triphosphates, such as 

The metaphosphates cannot be immediately fitted into this 
scheme of condensation processes. They present a picture of sue 

complexity that only during the last few years has ^ 

possible to interpret their formation and structure. WTicreas the 


3^ 


Table 5 

NaH2P04 HjO 

NaH2P04 

I wo* 

Na2H2P207 


CuO • Hj PO 4 - Cu 2 (P 05)4 

/ 

Na,[P40,2](VI) 


NaalPaOs] 

Na trimetaphosphate 
( 1 ) 


6 / 0 - 

040“ 





260 -2B0 


^300 


[NaPOaly 

Maddrell s saltdowt^ 

{II) 


[NaPOjlx 


Maddreirs^salt (high t.) 


> 350 


[NaPOa] 


Kurrol salt 

z (V) 

> S50^ irtQC<yfotcd 


[NaPOa] 

melt 


chill 


tiQ 


fNaPO^l * Grahams salt, 
|NaKU3jv,t (.letaphosphate glass 

(IV) 


ortho-, pyro- and triphosphoric aciik are dearly M ch<™^l 

species, the propertws an molecular com- 

phosphoric acid and its salts and n.,f„rp of the starting 

^lexi?y also-are highly 

material, the mode of preparation of at least several 

quent heat Prempi^al formula (Hl> 03 )„. The 

compounds with the same tmiJi ..,„x...,i,n«nlmtes. as they 

relationB between and Smith.^o Thilo and 

Tar-rdtrllirtoirm: is fummarired by Table 5 above. 

M Z. anorg. Chem., 1049. 258, 33. 
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The dehydration of sodium dihydrogen phosphate leads to the 
simultaneous formation of two products, in varying amounts, with 
the same empirical formula NaPOg. These are a soluble salt (I), 
and an insoluble compoimd, still the least known of the meta- 
phosphate species, named Maddrell’s salt, after its discoverer.®® It 
has since been shown that there are two modifications of Maddrell’s 
salt, (II) and (III), formed at low temperatures and high tempera- 
tures respectively. Both are thermodynamically unstable with 
respect to the soluble salt (I), which is, indeed, the end product of 
annealing of any of the forms of sodium metaphosphate at bSO-GOO®. 
This salt (I) is shown beyond doubt to be sodium trimetaphosphate, 

by cryoscopic evidence,®® by measurements of ionic 
weight and by its hydrolysis, first to NajHgPaOio and an cqui- 
molecular mixture of orthophosphate and p\Tophosphate — 



HO^ ^OH 
HO ,OH 


1 he cyclic structure (lo) for the anion accortls with the fact that 
fresh solutions of the free acid give titration curves indistinguishable 
from tho.s(* (»f a strong inoiu. basic acid : all the hvdrogen atoms are 
equivalent and strongly acidic. Such a cyclic [P 3 O 9 ]®" anion has, 
in fact, been identified in tlic crystal structure of strychnine meta- 
)>Iios{>liate. All the .salts ol triinetaj)hosphoric acid (including 
those of (Jii, Sr. lia. Ag and Ph) are soluble in water. 

Ihero is a secouil crystalline, soluble class of metaphosphates, 
jjieparctl by the action of phosphoric acid on the oxides of heav)’^ 
metnis and formerly called ‘ dimetaphosphates They are 
actually tetrametajihosphates (\ I), as has been shown by cryoscopic 
measurements, and contain the cvclic anion (Via) ; tliis has 
been found in the crystal structure of thJaluminium salt, A1 JPjOiah- 
tStjdium tetrametaplinsjdiate hydroly.sfs to a mixture of pyrophos- 

” Lkl>it;’s .-Um., fS47. 61, 53. 

b- *\yK n. Z. a/torff. C/uni., iU3«). 22‘>, 3o. 

W. Tcichert and K. Itiiitnan. .Ic/a (’firm, fyeand., l'J4S. 2, L‘25. 

Fk-itmann. Ann., 1S40. 78, l> 33, 338 ; Warsclmuor, Z. anorg. ( firm., 

1U03. 36, 137. 

Boimeimm-Bcmia, .4 h?j. Chim., IU41. 15, 457. 
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phate and orthophosphate, but according to Thilo and Kaetz,®^ 
careful hydrolysis with the theoretical quantity of alkali first opens 

0 - 0 - 


0=p— 0— p=0 


0 


o 


0=P— 0— p=0 


0 


(VItt) 


\ • — / 

the cyclic anion to form a salt of the unstable tetraphosphoric acid. 

Na.rP.O,,] + 2NaOH ^ NaoLPAg] Na^P.O^-H Na^H^O, 
Sodium tetrametaphosphate decomposes at 260-280 , and is con- 
verted directly to Maddrell’s salt. . 

Graham^s Salt.-All the forms of sodium metaphosphate melt 

at 610-620^ forming a viscous fluid. This has strong 
ties for metaUic oxides, which it dissolves in the form of O'"*" 
phosphates. The crystallising propensities of the ^ 

poor: and when it is cooled rapidly it 

stance known as Graham’s salt. iVs Graham • nr^i jnarv 

in water and its solution is not rapidly hydro jse coiiinlex 

temperature. The solution has the property ^ „f 

compounds (of as yet uncertain institution) with the e,t,oi^ o 
calcium and other bivalent metals, and of j 

»■“ '“"VTrs s 

Graham’s salt is sodium hexainetaphosphate, Na„[l o isl- 

name has been perpetuated in coininon usage. described by- 

posed ethyl esL "of bexametapho^ - 1 

Pascal (1923), has properties (insolubility in ^ ’ J , meta- 

in chloroform) which suggest a ^re o evidence fur 

phosphoric esters must have been o when Lamm 

the constitution of Graham’s salt was fir.t 

and Malmgren,- by n.eans of 

Karbe and Jander,«« from dialysis and d (NaPOJ,.. 

showed it to be a high poly'iner of sodium m • [ 

« Z. anorg. Cftem., 19W, 260, 255. j^^Uoid Beih., 1942. 54, 1. 

«Z. anorg. Chem., 1940, 245, 103. 
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where — according to Karbe and Jander — n varies in the range 
34-90. The degree of polymerization is imcertain, but undoubtedly 
increases with the temperature from which the melt is quenched 
— e.g. from n = 16 in material quenched from 650® to n = 35 when 
quenched from 900°.°^ 

When it is annealed above 550®, and especially if it is inoculated 
with the end product, Graham’s salt is partly converted into a 
substance of fibrous texture, which resembles asbestos and gives 
a fibre X-ray pattern. It is known after its discoverer as Kurrol 
salt.®’ This is insoluble in water, but swells to a gel, especially 
if univalent or bivalent ions are present in the solution. The 
relationship of Kurrol salt to Graham’s salt and Maddrell’s salt has 
not yet been fully explained. Its mode of formation suggests that 
it may be essentially an oriented, crystalline form of Graham’s salt, 
not necessarily of very different complexity. Maddrell’s salt is more 
insoluble than Kurrol salt and it may, perhaps, be concluded that 
it represents yet a further stage in the polymerization process. 

The morphological resemblance between Kurrol salt and the 
typical fibrous metasilicates (y.u.) suggests that they are of similar 
structure. Just as the metasilicates are based upon long-chain 
anions (\ II), so in the high-molecular metaphosphates the anion 
may be built up from many units of (VIII). The differences in 
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('■II) (viii) 

solubility and tusibility would be explained in part bv the smaller 
ionic charge per unit of structure in the meta phosphates. A\’liereas, 
however, the ni ■ a.>ilifate chains are, in effect, of infinite length, 
existing only in the structure of crystalline substances, it is evident 
that in Graham s . alt the metaphosphnte chain may involve only 
or ItK) uiiiti5. The two ends of the chain must accordingly 
he terminatf'd by suitable groups— by —OH. We therefore 
arrive at {IX) as the typical formula of the phosphoric acids of 



U < n < 100 
(ix) 

«■ G. TrtMunaim, J. prakt. Chem., 1892, [ii], 45, 417. 
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GraLam’s salt and Kurrol salt. This formula is, strictly, that of a 
polyphosphoric acid, of the same series as H 4 P 2 O 7 , H 5 P 304 o> etc., 
rather than a polymer of metaphosphoric acid. 

If it is valid to assume that only one hydrogen atom per atom of 
phosphorus behaves as belonging to a strong acid, it may be seen 
that the end groups introduce two weak acid groups into the 
molecule, as compared with n 2 strong acid groups. On thus 
basis, the proportion of weak acid groups, as determined by accurate 
potentiometric titration, should afford a measure of the chain length. 
Such measurements have been carried out,®® and when re-mter- 
preted in the light of current views on the high-molecular meta- 
phosphates they lead to chain lengths of 70-100 for Graham s salt 
i.e. of the same order as is derived from other data. 

These views account for the properties of the metaphosphatos 
in solution. The processes occurring at high temperatures and m 
the melt need some consideration, however, as it is necessary o 
specify the nature of the chain-terminating groups if the linear 
polymer formulse are to be applied to the solid Graham s and lyirrol 
^Ite. The key to this problem is furnished by the observation 
that the metaphosphate melt is never rigorously anhydrouj,. L\ cn 
at 700° it retains sufficient water— which is un(piestionabI> 
tutional, and not free H^O -to provi.le terminal groups for the 
polyphosphate chains. The process of chain gro^Uh at 
temperatures is primarily tiie result of progressive 

water. All other forms are 

phosphate on annealing, not only because la 

dynamically stable species, but because it is e with 

of dehydration The crystallization of Na 3 [l is attended 1 • 
loss o&tand aS thc'reactions leading to Una 
irreversible accordingly. Ibe evolution am re ^ 1 j|j| 
within the solid pliasc or the melt confers a c^tain mid ihty on t e 

system, and chain rupture can produce cither 

iko 1 ®- m-oup or by recombination of polymer hagments, a 

\ ^ ^^* 1 , I.oin In this way the trimetaiihosphate and 

lengthenmg of the chain, in tins 1 .lUnmntive 

Maddrell’s salt could be 

products, during the annealing of Kurrol salt or of 

"‘'rj’lymeta-arsenates.-The formation of by a se^o 

has received but little study as yet, n. co.npar.sou " t'‘^ P“b ^ 

phosphates. It is, however, clear that there .s “ h-eat d^crenco m 
stability and reactivity between the phosphate and arsenate sj 

•• Rudy and SeUloesser, Her.. 1040, 73 , 484 ; SamuUaon, Sve,M-. Kem. 

TuUkr., 1944, 56, 343. 251 213. 

••Huber and Kluuipner. Z. anorg. them., 1943. 
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The dehydration of sodium dihydrogen arsenate gives rise succes- 
sively to the simpler polyarsenates and to polymetarsenate, but 
distinct forms of the metarsenate have not been characterized. 


NaH2As04.2H20 ♦►NaH2As04 ►NagHaAsgO, ►NagHgAflaOio 


1 


230 ^ 




The products of dehydration react with water vapour, and successive 
stages in rehydxation can be identified. \\Tien the metarsenate is 
treated with an ethereal solution of the theoretical amount of water, 
it reforms Na 3 H 2 As 30 jQ.'® However, the act of dissolution of any 
of the polyarsenates in water produces rapid and complete hydro- 
Ij'sis. ^ It is evident that the As — O — As bridge in the polyarsenic 
acids is severed much more readily than the correspon din g linkage 
in the polyphosphoric acids, Thilo has suggested that this is 
because arsenic can increase its co-ordination number from 4 to 6 . 
In keeping with this view is the extremely hygroscopic nature 
of arsenic acid, which exists at the ordinary temperature as 
H 3 ASO 4 . y.li.O, and, below — 30°, as H 3 ASO 4 . 2 H 2 O, or H[As(OH)e]. 

The ease of hydrolysis of polyarsenate chains has been utilized 
by Tliilo and Plaetschke to study the constitution of the linear 
polyphosphates, since it has been shown that mixed melts of 
NaHoPOi fiiid NaH 2 As 04 , containing not less than 20 mol. per cent 
of arsenate, give homogeneous products, LNa(As,P) 03 l„ in the form 
ot fijie needles. The X-ray diffraction patterns and the densities 
vary with composition in such a way as to link these substances with 
ac ( roll s salt rather than Kurrol salt, tlirough the progressive 
replacement of phosphorus by arsenic. Whereas Maddrell’s salt is 
inso u lie, the ease of dis.solution in cold water increases progressively 
as phosphorus is replaced by arsenic. Dissolution is rapidly 
followed by hydrolysis of the As— O— and As— O— P linkages, 
so that although a fresh solution gives, with silver nitrate, a white 
precijntatc of [Ag{As,P) 03 ]^j this rapidly changes colour and is con- 
verted to brown Ag 3 As 04 and yellow Ag 3 P 04 . There is some 
evidence that, in the annealed crystal.s. the .‘VSO 4 tetrahedra are 
built into the anioiiie chains in a regular fashion. Thus from a 
prepuiation with As ; P 1 : 2, much of the phosphorus is recover- 
abJe as pyrophosphate, laken in c*)njunction w'ith the known 
behaviour of tlu' linear i.olyphosphate.s, this would imply that the 

I! 5' -Z. nnvrg. Cficm., 1950, 260, 315. 

Z. anorg. Chem., 1950, 260, 297. 
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linear poly-anion had the phosphorus atoms adjacent to one another, 
in the sequence 

O- O- O- 0“ 


X— O— As 

11 

O 


0 


-p- 

II 

o 


O— P— 


p 

II 

0 


-O— As 

11 

0 

OH 


O— Y 


0 - 


0 


XOH -H 2 O— As— OH + HO— P—O— P— Oil + HOY 


O 


• I 

O 


0 


There is as yet no evidence of the formation of true nietai-senates 
e.g. compoimds such as Na 3 [A 530 o]. When inixtiues 
P : As > 4 : 1 are annealed. Na 3 [P 30 .] is formed, but it mcorporates 

no metarsenate in its structure. 

the silicates 

The complexity of the uaturally occurring silicate 

presented a problem which proved quite ^ methods 

methods alone The application of X-ray 

however, has served to reveal certain broad prmcples upon « hich 

tho structures of the silicates arc basecL .... i in 

Amongst the obstacles to the study of the ^t.reonnd 

the past, the difficulty of as.,iguing to if from several 

signffioa;t molecular formulae. Thi.s ddhculty « 

causes. In the first place, since the ana > ica ' ‘ molecular 
plex materials may be coinjiatible with seycra i ^ lionioEcacity 
formula, the uncertainty which is mhorent as to . 

and reproducibility of material “V' f -"'If SeconZ, 

bility of decisive formulation on ,.y' t].c isoinorphous 

as is weU known, the question is conq heated y 

replacement of one element by another 

Mitscherlich’s law. Thus, magnesium, ca < ’ to a 

other bivalent metals may or OH' and F'. 

greater or lesser extent, as also may valency type 

In such replacements, the ", f fL co'r- 

remains unchanged, although some i j i„„vovcr. 

rcct assignment of elements of variable y nc^ 

a second kind of i.somorplious replacciiici t » ‘ 1 , 

occurrence and winch may be f H. cimnouiid. This 

altering the whole apparent forniula ion o building up of 

represents a principle of great impor 
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silicate structures. As is dealt with more fully below, the simi- 
larity in ionic radius between, e.g., aluminium and silicon leads to 
the possibility of the replacement 'of silicon in the amon atom for 
atom by aluminium. The valency of the anion is thereby raised 
by one unit, and this increase must be compensated by a corre- 
sponding increase of the total cationic charge. This can be brought 
about either by introducing additional cations, or by some such 
process as the corresponding isomorphous replacement of sotom 
by calcium. In such cases, the assignment of a form^ from 
analytical data would require a knowledge of the distribution of 
certain elements between anionic and cationic functions. 

It is not surprising, therefore, to find that the X-ray investiga- 
tions have in some cases modified accepted forniulse. They have 
also provided a more precise significance for silicate formulae, ^ 
representing, not the nature of discrete molecules, but rather the 
atomic composition of those simplest structural units out of which 
the whole three-dimensional pattern of the silicate crystal is built. 

Structural Principles of the Silicates.’® 

The structure of the silicates can be regarded as based in all 
cases on the formation of co-ordination lattices of large anioM 
about small cations. Silicon may be regarded as being Present m 
the form of a Si*+ ion ; the anions are, in general, ions. These, 
being of much greater size than any of the positive ions concerned 
(Table G), play the chief role in determining the dimensions and 
general skeleton of the whole structure. According to W. L. Bragg, 
the distance between oxygen atoms of any one structural group 
is always 2-6-2*8 a ; that between adjacent oxygen atoms of 
dilfereut groups is about the same. Hence, in the case of the 
simpler silicates, the whole can be looked on as a close-packed 
assembly of oxygen ions, with the relatively small silicon and other 
cations so fitted into the interstices that each is co-ordinated (in 
the crvstallographic sense) with the appropriate number of oxygen 
ions. The co-ordination number of a cation in such a structure 
is governed solely by the relative radii of the central cation and 
the surrounding anions, according to the relationship worked out 
by V. M. GokUchraidt and brieBy considered earlier in this chapter ’ 
(tables 3 and 4, above). 

From a comparison of Table 6 with Tables 3 and 4, it may be 
seen that silicon must have the co-ordination number four, and so 

’2 See W. L. Brngg. Trans. Faradatj Soc.. 1929. 25, 291 ; The Struciure of 
the Silicates, Julius Springer; i?oy. Inst. Proc., 1927, 121 ; and especially 
Atomic Structure of Mitierals, Oxford, 1937. 

■2 Bcr., 1927, 60, 1203. 
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will invariably be found in tbe centre of a tetralicdi'al arrangement 
of oxygen atoms. Magnesium, similarly, will invariably be octo- 


Table 6 

Radii of Ions Common in Silicate Minerals 


Be2^- 

Si*+ 

A13+ 

Fea+ 

Mg*+ 

Fe*+ 


0-39 A 

0-50 

0-55 

0-67 

0-71 

0-83 


Ca2+ 

K+ 

0 =- 

OH- 

F- 


0 08 A 
008 
1-33 
1-40 
1-40 
1-33 


hedrally co-ordinated. The aluminium ion, however, is of such a 
radius that it may be co-ordinated either with four or six oxygen 
atoms. It is thus at once clear that aluminium pl^^y ^ 
fold role of isomorphous replacement of silicon inside tetrahedral 

units, and of magnesium inside octohedra. , i , 

From the chemical point of view, the anion of the whole lattice 
wiU be an assembly of oxygen ions with the silicon ions and, m 
the aluminosilicates, the aluminium ions) co-ordinated between 
them. It will be characterized, and its formula determined, by 
the number of oxygen atoms within the unit of pattern , i s asici y 
is given by the uncompensated ionic charge. The oxygen ions 
may be common to several co-ordination polyhedra, so la in 
formulation of the siUcates the following possible types arise : 

(A) Silicates with discrete anions. 

(i) Orthosilicates. SiO*^" 

(ii) More complex units — Si 207 , bigOg , > U la 

(B) Silicates with extended anions. 

(i) Chains of linked Si 04 tetrahedra. SiO^- « • 

(ii) Sheets, made by cross-linking of chains. biaU^ • 

(C) Three-dimensional networks, formed by cross-lmkmg of supt 

imposed sheets. 

(A, i) OrlhosilicaUs.— th<-. structure of the 
indicated, built up from indcpen.lcnt SiO, etraliedra • 

The OKygen atoms of these co.npact tetrahedra are 
to the metallic cations, each oxygen atom being 
several cation polyhedra. The possibility o t nistnu.* 

diiferent ways makes possible the existence o 

orthosiheate structures. . . 

Thus, in olivine, (Mg,Fe),S,0,. magnesium lon.s arc “ P^ed 

between the SiO, tetrahedra that l”” ‘ 

six oxygen atoms. Each oxygen is then linked directly to one 

siUcon atom and co-ordinated jointly to three magnesium atoms. 
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Pauling lias laid down the rule, governing the formation of such 
co-ordination lattices, that in stable structures the charge on each 
anion is equal and opposite to the sum of the electrostatic valency 
bonds reaching it from the cations of the polyhedra to which it 
is common. Thus, the magnesium ion (charge + 2 umts), being 
co-ordinated in an octohedron, directs an electrostatic valency bond 



[SiO.]*-. [Si,0,y- 

Fig. 37. — Discrete silicate anions— c.j. the orthoailicato anion. 

of strength 1/3 to each oxygen ion. In the olivine structure, there- 
fore, the nett electrovalencies reaching each oxygen ion are 

from three Mg®+ ions, 3 X 1/3 = -|- 1 unit'j 
from the central Si*+ ion of each >=4-2 units in all, 

tetrahedron 4- 1 unitj 

balancing the intrinsic charge — 2 units on each oxygen ion. 

Various other silicate minerals are based upon the olivine struc- 
ture. Thus, the chondrodite group,’® Mg(0H,F)j.nMgaSi04, where 
n = I, 2, 3 or 4, consists of sheets of the olivine structure inter- 
leaved with layers of OH ions or F ions (which are nearly identical, 
in size). The OH and F ions are not part of silicon tetrahedra, 
but are so situated that, together with the oxygens of the SiO^ 
groups, they go to make up octohedra surroimding the magnesium 
ions. The structures of the various minerals of this group are all 
of this type, being derived from one another by variation in the 
relative positions of the olivine and OH sheets. 

In phenacite, BeaSi04, and willemite, Zn2Si04, an entirely differ- 
ent structure obtains, since the metal ions must here be tetrahedrally 
co-ordinated. Each oxygen atom is then common to one silicon 
tetrahedron and two MO4 tetrahedra. As may readily be seen, the 
Pauling rule is again exemplified. 

(A, ii) Introduction of larger discrete anions gives more complex 
structures. Of these, the (SiaOig)^®" unit, found for example in 
beryl, BegAlgSicOig, is particularly important. Just as all the more 
complex structures are based on Si04 tetrahedra sharing corners, 
so the SigOia imit, consisting of six 8164 tetrahedra linked in a ring 
(Fig. 38), enters into the structure of the more highly condensed 

J. Amcr. Chem. Soc., 1929. 51, 1010. 

Sex \V. L. Bragg, Trans. Faraday Soc., 1929, 25, 291. 
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sheet-like and three-dimensional silicate anions. In beryl, such 
rings are joined together by the co-ordination of tlieix oxygen 
atoms to the metallic cations. The SigOig groups in different 
layers are so disposed that wide channels, roughly large enough 
to accommodate an oxygen atom, are formed down the centre of 
superimposed SieOia hexagons. It is interesting to correlate this 
open structure, with its potential permeability to small gas mole- 
cules, with the well-known occlusion of helium by beryl. 



Fio. 38 .— The structuro found in hvry]. 

(B, i) Metasilicates.— The metasilicatc anion, SiOg^', 
by the linkin g up of SiO* tetrahedra in an endless chain ^)- 

Two oxygen atoms of each tetrahedral ^oup are 
and two are shared with neighbouring silicon a . 

ing chain can be infinite in length, and extends, m a ’ ^ g.Q , 

the crystal. Such a macro-anion is found in diopside, U^Ca{ 3)2- 



Fio. 3«.— Choin-liko metusilicatc (SiO,)* group. 


The amnhibole mineral tremoUte, formerly formulated as 

the 6 axis of the crystal is doubled. \\ .. o- q . 

lite should be correctly formulated as ( )z . * . ^ two”diopsido 
a anion. Thia is formed by cross-hnkmg J o dmpsicio 

ebai^, by a further sharmg of tetrahedron 

In these metasilieates, the important re a lo p chains 

a" ro^drtTraUy to one'another by co-ordinatmn of them oxygen 
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atoms to calcium or magnesium ions. The resulting structure is 
mechanically weak in directions parallel to the length of the chains, 
since fracture in this direction is across the metal-oxygen links 
only. In a direction at right angles to the chains, however, ficac- 
ture would involve a breakage of the chain itself with the severance 
of the strong silicon-oxygen bonds. In accordance with this con- 
ception, cleavage of the crystals is highly developed parallel to the 
c axis, and the minerals frequently exhibit a fibrous structure — 
notably in asbestos, a form of amphibole. In principle, there is, 
of course, no difference between the kind of electrostatic bond 
between silicon and oxygen, and that between the metallic cations 
and oxygen. Since silicon, with a co-ordination number four, is 
quadrivalent, each Si — 0 bond is of strength unity ((/. above, 
p. 238). The Ca — 0 or Mg — 0 bonds, for example, are only each 



Fig. 40. — CVoss-linkc-d (Si 40 ,t)]*“ gronp-s. 


of strength one-third, since the bivalent metal has the co-ordina- 
tion number six. It is therefore convenient, although in a sense 
arbitrary, to regard the Si — 0 bond as approximating to the strong, 
homopolar type, and the metal-oxygen bonds as being intrinsically 
weaker. 

(B, ii) The process of cross-linking the strings of Si 04 tetrahedra 
met with in the Si 40 ii anion may be extended yet a stage further, 
so that whole sheets of linked tetrahedra are formed. Each sheet 
is thus made up (Fig. 41) of indefinitely repeated Si^Oig rin^, and 
has a pseudo-hexagonal symmetry. The whole lamina, which has 
the gross composition (SigOg)*", represents a macro-anion. Such 
silicon-oxygen sheets, being bound together by the strong valency 
forces discussed above, would be mechanically strong. Parallel 
sheets would be bound together more loosely through the weaker 
electrostatic bonds involving the cations, which must be packed 
between the sheets. The silicon-oxygen sheets should consequently 
coincide with pronounced cleavage planes of the crystal, and 
silicates with this type of structure should, conversely, exhibit 
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a well-developed laminar cleavage. Insertion of the known inter- 
atomic distances leads, as is shown in Fig. 41, to spacings for the 
unit cell which agree with the spacings in the cleavage plane as 
found for mica, talc, and those related minerals which have a 




Fio. 41. The formation of sheet-like silicon-oxygen 

The lower Otfure 5how3 a cros^«»cctlon of iUv 


networks. 


pronounced cleavage and pseudo-hexagonal syinmctr} . The long 
third principal spacing, of the order of 20 a. found between the 
cleavage planes, corresponds to the weak bonding e ween ic 

stools 

Aluminosilicates.— \yhi\c such a simple skeleton explains the 
most prominent features of the mica-like structmes, it cannot be 
immediately applied in detail to the minerals of is group. y 
are not siinple silicates, but aluminosilicates, in whi^ aluminium 
enters into the composition of the sheets of linked &iO, tetrahedra 
by a process of isomorphous replacement of silicon. Pauling 
has shown, how'ever, that these and the clay nimera s ‘ 

regarded as being built on a uniform sort of plan from 
layers of sheets (considered to be equivalent sing > . 

from the structure of /?-cristobalitc), of bmcite. 
hydrargillite or gibbsite, Al(OII) 3 , each layer eing ^ 

fied by the process of isomorphous replacement ^ 

structmes referred to are approximately identical 
being made by the insertion of the appropriate number of Si , 
Mg2+, or Alstons into the interstices of a double layer of do e 
packed 0^- or OH- ions. Thus, aluminium niay replace a pio- 
portion of the silicon, or four atoms of aluminium may be replaced 
^PrdC. Nat. Acad. Sci., 1928, 14, 603; 1930. 16. 123. 
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in turn by six atoms of magnesium. The composite layem are 
then formed by the sharing of oxygen atoms in the way shown 
by the schematic sections in Fig. 42 . 

In this way, Pauling advances for talc, 3Mg0.4Si02*H20, the 
structure represented in Fig. 42 (o). Layers of brucite are sand- 
wched, by the sharing of oxygen atoms, between two sheets of 
cristobalite, thereby making up composite layers which may be 
represented as . . . 0s.Si4.04(0H)2.Mge.04(0H)2.Si4.0e • • • Li 
pyrophillite, Al2O3.4SiO2.H2O (Fig. 42 (6)), four al umi n i u m atopos 
replace the magnesium of talc. The equivalence of the positive 



TALC 



PYROPHILLITt 


60 

4 Si 

4o+2oh 

4al 

4 OtZOH 
4 Si 

60 


Fio. 42. 



and negative ions in the composite sheet is thereby unaltered, but 
replacement of the magnesium by aluminium leaves one-third of 
the positions in the central layer unfilled. The gross composition 
is then given by . . . 06.Si4.04(0H)2.Al4. 04(011)2.814.05 ... In 
both of these structures each composite sheet is electrically neutral, 
so that the forces of interaction between the sheets are small. As 
a result, there is little resistance to slipping of one plane over the 
next, as is shown by the extreme softness of talc. 

In phiogopite, K2O.6MgO.Al3O3.6SiO2.H2O, a part of the silicon 
is replaced isomorphously by aluminium w’ith the result that each 
composite layer bears a nett anionic charge. Alkali metal ions 
accordingly enter between the sheets in corresponding number. 
The constitution of phiogopite may therefore bo represented as 


05.Si3A1.04(0H)2.Mg5.04(0H)3.Si3A1.05 
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Muscovite, ordinary mica, is structurally analogous, but with 
magnesium replaced isoinorphously by aluminium : 

. . . Kg . . . 0s.Si3AI.04(0H)2.Al,.0j(0H)2.Si3A1.06 . . . K 2 . . . 

Just as the isomorphous replacement of silicon in the crlstobalite 
layers, atom for atom, by aluminium raises the anionic valency, 
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Fio. 43. 


SO the replacement of magnesium in brucite layers by aluminium 
raises the cationic valency. Chlorite, according to au ing, is ma c 
up by interleaving mica-like anionic sheets with bnicitc-hlce cationic 

sheets (Fig. 43 (a)). • , 

The gradation in properties as the structure is progressively 

varied t interesting. As lias been pointed out talc and p)ro- 

pbillitc, with electrically neutral sheets, are very soft (hardness 1 -), 
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and as easily cleaved as graphite. In mica the charged layers 
are bound electrostatically through the interposed potassium ions, 
and so cleave less readily (hardness 2-3). Finally, in the brittle 
micas the charged anionic sheets are more tightly bound by doubly 
charged Ca-'*’ ions, in consequence of which the hardness is raised 
to 3*5-6, and the whole becomes brittle. 

This theory of the mica group lacks as yet the rigid experimental 
backing possessed by Bragg’s classification of the simple silicate 
structures. It does, however, provide a convenient and uniform 
basis for correlating the chemical composition and highly charac- 
teristic properties of these minerals with their crystal structure, 
and is compatible with the X-ray evidence. It can be regarded 
as a logical extension of the general principles emerging from 
Bragg’s work, since it is based on the derivation of all silicate 
structures from an approximately close-packed arrangement of 
oxj^gen ions. 

Chemical evidence which accords well with Pauling’s views is 
afforded by Thilo’s work on the high temperature reactions of 
pyrophillite, Al2O3.4SiO2.H2O, with metallic oxides and chlorides.” 
Thilo found that when pyrophillite was heated with magnesium 
oxitle or chloride at 700-1000'^, water or hydrochloric acid was 
eliminated from the hydroxyl groups present, and that one atom 
of magnesium entered the compound for each two atoms of 
aluminium present, without any apparent change in the general 
structure and properties. 

(HO.AUSijOio + MgCU — > Al2Oa.4SiO2.MgO + 2 HC 1 

It has been shown above that the pyrophillite structure is related 
to that of talc by replacement of six Mg*+ ions by four Al^'^ ions, 
so that there shoul<l be j\ist two vacant places in the central layer 
of each composite sheet for every four atoms of aluminium. This 
is in accord with the ob.scrvations of Thilo, and suggests that any 
bivalent ion, normally six-co-ordinated, and of about the same size 
as Mg“+, should be capable of being introduced in the same way, 
but not ions occurring normally in fourfold co-ordination. This 
is l)oriio out by experiment. Ferrous iron, or cobalt, may be 
readily introduced in the same way as magnesium. On heating 
pyro})hillite with zinc oxitlc or zinc chloride, however, the whole 
structure is broken down to form the zinc spinel ZnAl204, and 
zinc orthosilicate Zn2Si04, in both of wliich zinc can attain four- 
fold co-ordination. According to the Goldschmidt radius ratio 
rules, Ca-*- and (Jd^^ should enter only into eight-co-ordinate striic- 
tiu-es, and so should not be capable of entering the pyrophillite 

Z. anorg. Chem., 1D33, 212, 369. 
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structure. This is again borne out by experiment, since calcium 
and cadmium chlorides were without action on pyroplnllite. ^ 
The Clay Minerals-'®— An important field in which lauJings 
views have proved very fruitful is that of the minerals composing 
the clays. The isolation and identification of individual chemical 
species is here particularly difficult, but largely by the app ica o 
microscopic and optical methods of 

group was first differentiated into kaohnite ;V2y3*r^iU2..W2U. 
halloysite Al203-2Si02.2-lH20, and allophane AUGa-^biOo-wli^U^ 
Of these, allophane has been shomi to be amorphous " I"'': ^ 
composition AU03.2Si0,.2H,0 has later been ‘‘ 

optically distinct species — kaolinite proper, uacri c, ““ ' _ 

A second important group of clays, “I*; 

characterized by their highly adsorbent and se -c ° P p 

ties, contain as tbeir major constituent 
analytical data, montmorillonite was originally 

Mg 0 .Al, 03 . 5 Si 03 .nH O, with f^riLl^ has 

cium, sodium or potassium. As ^\iii o , A 

later been modified on the grounds ” V Hite foricinally 

second bentonite mineral is the highly colloiilal 

formulated as Al303.3Si03.i<H.O), winch occurs also i. .11.7 c ay 

soils. Pyrophillite.\vhicb is a 

included amongst the clay mmcr<iL. wlmllv or partly 

constituents in which aluminium oxide ■ ^^ists between 

by ferric oxide, and a coiiipliAe i---;P ^ ^ 

rr ^1^1:5^" SiS- 

“x-ray study of ‘1!^^ 

wfth\hosrobtaT.riro:n"pyropbilb 

which corresponds with an interesting and 

pyrophillite structure, shows m Montmorillonite absorbs 

characteristic behaviour on ^ be packed between the 

considerable amounts of water, whic i P luyers depends 

PyrophiUite-like layers. The spaciug ,hlt. on 

entirely on the amount of water 1 y ^ 

dehydration, the whole shrinks ^ n the water content, 

dimensional swelling and shrinkage, depending on 

is found also in nontronite. T.atterns. it appears that 

Prom the identity of their j , Montmorillonite should he 

the individual layers of Pyf"P’‘‘^‘Q „ q -h mHiO. Thi.s ‘ ideal ’ 
Similarly formulated as Al2Dj.lt5iU2- 2 

7i/, . I r V MtiTHhaW, Sci. Progress. 1036. 119. 

’• Cf. a review by C. t** .'larBuu , ^ 



246 MODERN ASPECTS OF INORGANIC CHEMISTRY 

formula differs from that based on chemical analysis, but Hofmann, 
Endell and Wilm have suggested that alu minium may be in 
part replaced by magnesium after the manner already discussed, 
and that other bases may be adsorbed. It is, moreover, plain from 
Thilo’s work on pyrophillite that, by reaction with the hydroxyl 
groups, the introduction of extra magnesium ions into the gibbsite 
layer is conceivable. 

Beidellite, from the X-ray evidence, is to be represented by the 
same ideal formula. It is not clear, on this basis, what differences 
account for the differing optical and physical characteristics of the 
minerals, nor whether they are to be accoimted truly distinct 
compounds. 

In halloysite, there appear to be alternating layers of hydrated 
silica, Si503(0H)2, and of gibbsite, Al(OH)3, so that the ideal 
formula is Al2O3.2SiO2.4H2O. At 50° two molecules of water per 
unit of formula are lost, but the metahalloysite so formed is 
distinct from kaolinite, nacrite or dickite, which have the same 
gross composition. As may be seen from the schematic diagram 
(Fig. 43 (6) and (c)), kaolmite would be derived from halloysite 
by elimination of water between the gibbsite and silica hydrate 
layers. 

While there are many points yet to be elucidated as to the 
structure of the clays, it is clear that a clue has been foimd to the 
understanding of some of their outstanding physical properties. 
The layer lattice structure is broken doum by the entry of water — 
as evidenced by t.be unidimensional swelling of montmorilloiiite 
— into lamina,' which, theoretically, might, in the limiting case, be 
inacromolecules one layer thick. In any case, thin, flaky particles 
are formed, which accoimt for the thixotropic properties of the 
clay slip, while the case of displacing the electrically neutral layers 
over one another must, in itself, confer an added plasticity. The 
hydrophilic nature of the clays, and their shrinkage on drying, can, 
in turn, be correlated with the way in which variable amounts of 
water may be introduced between the planes, causing a unidimen- 
sional expansion of the whole lattice. 

(C) Three-dimensional Networks . — If the process of oxygen- 
sharing is extended, so that each sheet is linked to the neighbouring 
sheets above and below, a network is obtained in which every 
o-xygen atom is common to two tetrahedral Si04 groups. The 
whole network then has the composition Si02, and represents one 
giant molecule of silica. The three principal crystalUne forms of 
.silica — cristobalitc, tridymite, and quartz - are based on this kind 


Z. Krist., 1933 , 86 , 340 . 
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of structure.®® Cristobalite and tridyinite arc built up in exactly 
the manner described, and differ in the way the cross-linking is 
achieved. In quartz; the regular arrangement is somewhat dis- 
torted, so that spirals of 0 — Si — 0 — Si — 0 — chains lie arouiul 
trigonal screw axes of symmetry (Fig. 44). 



CVistobutite. Quartz. 

Flo. 44. 


Felspars, Zeolites, etc.— The three-dimensional silicon-oxygen 
framework is electrostatically neutral, but as in the structures 
already considered, the Si*+ ions, around which the oxygen tetra- 
hedra are centred, may be replaced by Al®^- ions. As each such 
substitution leads to one unbalanced anionic charge, positive ions 
must be introduced to maintain electrical neutrality. According 
to Machatski,®^ this is the essential structure of the felspars and 


The resulting network, as will be understood from the preceding 
sections, involves rings of tetrahedra (with the gross formula such 
that Aid- Si : 0 = 1 : 2), built up by sharing verticc.s, so that they 
form an extended honeycomb-like structure, of high .symmetry, with 
wide channeb through the rings, and cavities m the honeycond> 
structure. To this kind of open framework arc due the characteristic 
properties of the felspar type of aluminosilicates, mcludmg the zco- 
liteJ and ultramarines. The two most striking geii^^ral properties 
of these substances are their capacity for base-exchange, and the 
ability of the hydrated materials to lose water or to 
without undergoing any change in optical or crystallOoraph 
properties. By^‘ base-exchange ’ b meant the replacement in the.se 
LbLnees of one cationic constituent by another on ^ 

ment with a salt of the forre«P««<l‘“^ T 1 

zeolite such as analcite, NuAlSigOe.HgO, be rca e sodium is 

of a salt of some other inetal-c.ff. silver nitrate-the sodium is 

replaced by an equivalent amount of the second cation, giving a 
silver zeolL in the case quoted. The reactions concerned are 
reversible and lead to a state of equilibrium. 

*« R. B. Gibbs, Proc. Umj. Soc.. 1U25, A, 109, 405 ; 1025, 1 10, 443 ; 1027, 

113, 361. 

Zfinir. Min., 1928, A, 97. 
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The possibility of base exchange in this manner must be associated 
with the open-work structure of the crystal, down the channels of 
which cations may wander. Replacement of one cation by another 
is then readily possible, and can take place without affecting the 
nature or dimensions of the crystal lattice. 

The diffusion of water into the cavities of the crystal lattice can 
also take place down the channels of the structure, and since the 
water molecules do not play an important structural role, dehydra- 
tion and rehydration can take place without the formation of a 
second solid phase. The partially dehydrated zeolite thus consti- 
tutes a bivariaut system from the standpoint of the phase rule, and 
the dissociation pressure varies with the water content. As might 
be expected, the dehydrated zeolites have a considerable absorptive 
power for gases other than water vapour. In the process of absorp- 
tion and desorption the molecules must pass along channels of 
literally molecular dimensions, having a diameter determined by the 
crvstal structure itself. This feature confers on certain zeolites — 
notably chabazite and niordenite — the remarkable property of 
acting as molecular sieves, permeable to certain gases only.®® 

Thus Barrer has shown that chabazite and gmelinite, in w’hich the 
narrowest cross-section of the interstitial channels lies between 4*9 
and 5 0 a, will occlude methane and ethane rapidly, and n-parafihns 
slowly, but cannot occlude branched chain paraffins or aromatic 
hvdrocarbons. IMordenite rich in .sodium, with smaller channels 
(4-0-4-9 a), takes up no hydrocarbon molecules larger than ethane, 
and absorbs methane and ethane only slowly, whereas nitrogen, 
oxygen nml smaller molecules are occluded rapidly. The replace- 
ment of .‘^odium in mordenite by calcium or barium (by a cation 
e.xchange proce.^s) decreases the cross-section of the channel to 
3-8--4-() A. Such inordenites will absorb nitrogen, argon and smaller 
molecules, but not methane or ethane. The process of absorption 
involve.^ the diffusit^n of tlie gas molecules through the solid, and it 
is the activation energy of this process which, varying from one 
molecule to another, confers selectivitv. By operating at appro- 
priate temperatures the selective occlusion can be utilized to effect 
tlifficult .separations of gaseous mixtures — thus n-heptane and iso- 
octane can 1)0 separated quantitatively. It may be noted that the 
vitreous .silicates - silica glass and Pyrex glass — exercise a molecular 
sieve effect, being permeable only to helium at moderate temperatures. 

Sipitlielic ZeoUtic Bodies. — The same phenomenon of base exchange 
is exhibited also by certain synthetic silicate masses, notably by 
those materials manufactured under the name of ‘ Permutit and 
is ap])lied, a.s is well known, to the softening of water. In this 

*•- iS'te the n*vk‘\v liy K. M. Burrer, Chem. Soc. Quarterly liev.. 1949, 3,293. 
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case, the calcium salts present in tlie water undergo base exchange 
with a sodium zeolite, whereby dissoU'ed calcium is replaced by 
sodium. As the concentration of calcium in the water-softening 
mass increases by progressive exchange, the material may be 
regenerated by treatment with sodium chloride : 

Na2O.Al3O3.nSiO2.mH2O + CaSOi — > CaO.Al2O3.nSiO2.mH2O 

-f- Na2S04 . . . water softenhig. 

CaO.Al2O3.nSiO2.mH2O -f 2NaCl ^ Na2O.Al2O3.nSiO2.mH2O 

-f CaCIg . . . regeneration. 

These artificial base-exchanging zeolites, which are sodium 
aluminosilicates of the general formul.a Na2O.Al2O3.nSiO2.wH2O, 
would appear from their chemical properties to be built upon 
a general structural model similar to that obtaining in the natural 
zeolites. As the proportion of silica is increased, the physical proper- 
ties change; the case of base exchange is lost, and the inaterials 
become brittle and glassy when n is greater than 3. Xbe silica-rich 
substances — e.g. those with « = 3 or 4, /n = 4 — appear to be derived 
from the one basic compound Na20.Al203.2Si02.-H2^ by combina- 
tion with, or inclusion of. approximately stoichciomotric amounts 
of orthosilicic or metasilicic aciiLs. They are degraded into the 
parent substance, sodium metasilicatc an<l silicic acid uheii they 
are hydrolysed with 10 por cent caustic soda under pressure. 
Whereas the silica-rich substances interchange normally in ba.se 

exchange reactions — e.g. 

Na2O.Al2O3.3SiO2.4H2O t- 2NH4OI ^ 

* * 2 22 (NH4)20.Al203.3Si02.4H20 

—the supposed parent comi)ound inU-rchanges abnormally with tlie 
ammoniim ion.«=> It gives, iii.stead 

analogous formula, a new type, 0-5(NH4)2O.Al2O3.-SiO2.- jHjiO. 
Similar results are obtaine.l by I)ase exchange with hydrazine 
salts. The new type of structure so obtained excdiangcs 

normally with neutral salt solutions 

0*5K2O.Al2O3.2SiO2.2-5H2O, 0-.5Tl2O.Al.2O3.2SiO2.2 oir2O, but with 

alkalU a salt of the original series is re-fornwd. In he presence of 
ammonia, base exchange with neutral salts introduce.s the new 
cations without displacing tJic aminoiiiuni ; potasstuin salts thus 
give O-5K2O.AI2O3.2S.O2.2-5II2O.NH3 or, d.fierent.ating one-half 
molecule of water from the rest, this may je \\ri en as 

0-5K2O.0-5(NH4).O.Al2O3.2SiO2.2H2O 

The hydrazine compound of the new senes, 

0-5(N2H6LO.Al2O3.2SiO2.2-5H2O, 

"Gruner and HirBch, Z. anorg. Chem.. 1931. 202, 337 

1931 , 202 , 358 . 


Gruner, ibid.. 
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may be oxidized witb hydrogen peroxide, for min g a compound 
Al2O3.2SiO2.3H2O + HgOj; this contains hydrogen peroxide, which 
may be displaced by sulphur dioxide to give Al2O3.2SiO2.3H2O.SO2. 
It is possible to introduce water or ammonia in the same loosely 
attached way. AVhen these compounds are heated at 125 ® with 
water, sulphur dioxide or hydrogen peroxide are lost, and the 
product, Al2O3.2SiO2.3H2O, is free from any cations. The substance 
so obtained does not imdergo base exchange reactions with neutral 
salts, but caustic soda reacte with it to form the sodium compound 
Na2O.Al2O3.2SiO2.2H2O. The extra molecule of water in the base- 
free compound thus represents the hydrogen which is replaceable 
by cations, and the base-iree compound is the parent acid of a 
series of compounds based on the structural unit [AlaSi20ioH4]*“. 
The wliole series of reactions may then be summarized in the 
tabic below. 


[AUSi.H^OioJNa 


NH4C1 


N’.ii.n 




KCl 


KCJ 


[AljSi.H^OiolK 


NH4 


[Al^Si^H.O^ol^i^CAhSuH^O^] K 


[ALSi.H40,„]H. . 


. H.O* (SO*, NH3, etc.) 


Further evidence as to the fundamental structural unit of the 
compounds is afforded by the following considerations. The 
aqueous suspensions of the sodiiuu compounds are alkaline in 
reaction, due to hydrolysis. By titrating the alkali so liberated 
in such a way that the solution is kept always on the alkaline 
.side of neutrality it may be shown that exactly one-third of the 
.sodium is liydrolyscd out, leaving a residue of the composition 
ilNa20.Al20a.2!Si02.23H20. This would imply that the formula 
should be tripled throughout ; the sodium compound can then he 
ex]>ressed as [AloSigHioOaolNag, which hydrolyses to 

[.■UeSioHioOgoJNajH* 

The conclusion is thu.s reached, on purely chemical grounds, that 
in these compoiuids the typical base exchange properties are 
associated with a unit containing a total of twelve aluminium and 
silicon atoms. An immediate analogy is thereby suggested with 
those natuial zeolites and related compounds, where just such a 
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dodecahedral uni t of structure, infinitely repeated throughout the 
crystal, is responsible for the full development of zeolitic properties. 
In the artificial zeolites, the anion is probably finite in size, so that 
the relation 


(number of oxygen atoms in unit) = 2 X (A1 atoms -}- Si atoms), 

which obtains for the perfect aluininosihcate network, no longer 

applies. f V 1 • 

Ultramarine.— Amongst the most interesting of the alummo- 

silicate minerals is the blue sodium aluminosilicate, containmg 

sulphur, known as ultramarine. The problems of its constitution, 

and of the origin of the deep colour in such a compound, are not 

yet entirely solved, although, as will be seen, much has been done 

in recent years to elucidate its structure. 

The deep blue mineral lazurite, caUed lapis lazuli m medneval 
times, has been kiiowm and prized as a semi-precious gem 
the classical era. It is very often intenspei-scd with specks of 
pyrites— mistaken by the ancients for spangles of gold— m con.se- 
quence of which Pliny (a.d. 70) and others long before liim likened 
it to the deep blue night sky. with its multitude of g usteimig stars. 
The sapphire, referred to in the Bible, and de.scnbed by Iheo- 
phrastos may be identified with the lapis lazuli, broni th^e Middle 
Ages onwartk, lapis lazuli was imported into Eurofie from the 
East, as a stone for mosaics and as a highly prized pigment , as 
being imported from abroad it became known as a^uriuni u ui 
marinuni the blue from heyonJ the seas Ihe ‘''“■i* 
deposits of lazurite were iu Asia, csjK’Cially a .u . > 
Afghanistan. Thence the .stonc.s were brought by «ay oi 1 eisia 
or Bokhara and Ku.ssia to the markets of huroi.e iMaico 1 ol . 
in 1271, described the process by which the pigment was extracted 

from the stone. ^ i u ...omr 

The value placed upon ultramarine as a pigment lul to n any 

nn. 4 . * ^ ft Jt nrtifiri-illv Following the clieniical analysis 

attempts to prepare it artiticiajiy. X on h 

of ultramarine by Clement and Ilesoriiic.s m IhUb, , p‘i^e was 
offered in France for an economically Pf'^ticahle process f '«■ 

production of synthetic ultramarine : this prize \ a “ f 

by Guimet and the ultramarine of coiiimerec is to-d.iy entirely ol 
artificM^ork-in By suitable control of the maiiufaeturiiig process 
it is pis to pre^pare ultramarines of any shade from white or 

pale blue-creen to red or violet. • * i.rsftfi.sr. 

In principle the manufaeturc of ultraiiiarme eoiisi.sts m heating 

kaoUn to redl’iess in the absence of air with sulphur or sodium 

sulptiteard carbonaceous reducing agents. A yellow-green mass 

is thereby obtained, which is reheated in air ; the colour deepeies, 
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and finally becomes dark blue. Soluble sodium salts are then 
leached out, Iea\dng the pigment. The three main variations of 
the process are (o) the sulphate process, in which kaolin (or pottery 
clays approximating in composition to kaolin) is heated with 
sodium sulphate and wood charcoal ; (6) the soda-sulphate process, 
using a mixture of kaolin with sodium sulphate, sodium carbonate, 
sulphur and tar ; and (c) the soda process, which uses a mixture 
of the silicate with sodium carbonate, sulphur, colophonium and 
tar. These variants are listed according to the order of increasing 
depth of colour, alkali and sulphur content of the product. 

The composition of the ultramarines is very variable and never 
stoicheiometric, but according to R. Hoffmann, the ‘ ideal ’ com- 
positions of the products obtained by each of the three processes 
are : 


sulphate process 

N Q A.l^Si^024S2 

white 

NagAlgSi5024S2 

green 

NagA leSieOgjSa 
blue 


sulphate-soda process 

Na,2AIeSi«Oo4S3 

white 

NagAlgSigOj^Ss 

green 

NaAlsSisOg^Sg 

blue 


soda process 

Nai4Al4Sie024S4 

white 

NUj (^581402484 
green 

Na3AlflSi4024S4 

blue 


while lapis lazuli itself is NajoAleSigOgiSe- Ultramarines of a deeper 
colour may be obtained in which the ratio A1 : Si approximates to 
1 : 1-5. These have a greater resistance towards decolorization by 
alum solutions than have the ultramarines with A1 : Si = 1 : 1. 

As with the zeolites, the alkali in ultramarine is exchangeable 
for other bases. Thus, the blue sodium compound reacts with 
silver nitrate, giving a yellow silver ultramarine, from which, by 
the action of metallic salts, ultramarines containing a variety of 
other metals may be prepared. As is the case also with the zeolites, 
the degree to which exchange takes place is highly variable, and 
depends on the concentration of the solutions, the time of heating 
and similar factors. It is important to note, however, that whether 
high-silica or low-silica sodium ultramarines be taken, the silver 
ultramarines derived from them, according to Jaeger, invariably 
have A1 : Si = 1 : 1 — an observation which materially supports 
Hoffmann’s formulation of the aluminosilicate skeleton. 

Ultiamarine is fairly stable towards alkalis, but acids break 
down the sulphur-containing part of the molecule, with the libera- 
tion of sulphur and hydrogen sulphide. The proportion of the 
latter product measiures the so-called ‘ degree of reduction ’ of the 
sulphur. Water under pressure at 300® extracts sodium sulphide 
and leaves a colourless residue. A regulated acid decomposition is 
For a summary, see F. M. Jaeger, Trans. Faraday Soc., 1929, 25, 320. 
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provided by the action of ethylene chlorhydrin which at its boiling- 
point removes alkali without any loss of sulphur or change in the 
degree of reduction of the sulphur. During this process, the 
colour changes to pink and finally to white. Protracted treatment 
in this way removes practically all the alkali, and ultimately 
destroys the crystal lattice.®" The alkali may be rediitroduced by 
treating the partially extracted material with various reagents ; 
the white product is turned green by aqueous sodium sulphide, 
and pale blue by fusion with sodium sulphide. Soilium hydroxide 
turns it yellow, and effects some decomposition by extracting 
sodium polysulphide. On fusion with sodium nitrate at tempera- 
tures below 550^^, up to 12-5 per cent of sodium may be acquired 
without any loss of sulphur, the colour changing to a strong yellow- 
green. If, now, the excess of sodium nitrate be reinoyod, the 
product forms a deep blue crystalline ultramarine when it is heated 
in a limited supply of air, but not when it is heated either in pure 
nitrogen or in pure oxygen. A regulated degree of oxidation thus 
seems to be necessary, in accordance with the view that regards 
the colour as due to incomplete oxidized sulplmr compounds (see 

^ Thc^^colour of ultramarine is also destroyed by fusion with 
sodium formate, and a white reduction profluct is obtained which 
contains more sodium, and yields twice as much hydrogen sulphide 
as docs ultramarine on treatment with aciths. X-ray e.xamina ion 
shows, however, that the ultramarine crystal remains 

intact. Reagents which remove the exce.ss of a kali from this 
reduced sub.stance-c.5. ethylene chlorhydrin, hydrogen ehlondo 
gas, hot water— restore also the blue colour, "hich is regained 
also when the substance is heated above 200'^ either m air or m a 
vacuum. The colour change on heating is therefore not associated 

with any process of oxidation. 

In the ime way. chlorination of ultramarine at -lOO removes 
alkali and gives colourless products. If the iuoce.ss be stopped 
before destruction of the crystal lattice takes place, a 
product is obtained, which regains its blue colour on fusion Mth 
alkali. It appears, therefore, that the alkali in iiltramaime is more 
mobile than is the suljihur, and that either excess or deficiency 

of alkali can de.stroy the colour. i • i i-i 

Attempts to inve.stigate the manner m ‘ ^ Uvdro Jn 

present have been made by Lesehewski am i o . y 8 
reduce.s ultramarine at 400", giving a pale blue product which 

« WhewBki and mi\er,Z.anorg. Chem 

••LeachewskJ and Muller. Z. anorg. Chtm., 1933. 212. 420, 1UJ-. zu/, 
377; Ber., 1932, 66, 260. 
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retains the ultramarine crystal lattice. During the reduction little 
sulphur is lost, but the degree of reduction is increased — e.g. in an 
ultramarine with 7*8 per cent of sulphur, the sulphide sulphur was 
so raised from 0*9 per cent to 6 per cent. Above 400®, more sulphur 
is lost as hydrogen sulphide, and the colour again deepens. The 
converse process, oxidation ■wdth oxygen at 500®, lowers the degree 
of reduction of the sulphur, but does not destroy either the crystal 
lattice or the colour. Alternate oxidation and reduction vdth 
oxygen and hydrogen respectively yields alternate dark blue and 
light blue products. 

The properties of the ultramarines suggest that they must be 
related to the naturally occurring base-exchanging minerals, and 
especially — as observed by Broggeraud Backstrom in 1890 — to soda- 
lite,Na8AIaSifi024Cl2,nosean or hauyne,Na4(Na2,Ca)AlaSi60 34(804)2, 
and cancrinite, (Na2,Ca)5Al6Sio024(C03)2. All of these have been 
regarded as addition compounds of a sodium aluminosilicate with 
NaCI, NaaSOi (or CaS04) and NaaCOg, respectively. Ultramarine 
thus appears similarly as formed by the addition of sodium poly- 
sulphide to the same parent aluminosilicate. Alternatively, 
ncphelite has been regarded as the parent compound of this group. 
The relation between the different substances is then illustrated 
by the following alternative formulations (in which the formulae 
are halved for simplicity) : 


f N a , 

{ >.-\l 

I J .-\l . . 


sOilaUtc 


r 1 

S AI(.SiO,)AAl 
I J .\1 . . . biO,Xa 

huuvnc 


1 Xa* 

AKSiOibUl 

J A 1 . • . S | Na 

ultramariac 


f ^ ^ 

I j Al. 

nrjihr'litc 


|a1i.SiO.)A* ^ rLvHC>i 04 ) 3 y'*^l . . . 2NaS 

I J .U., . . . NuCl LI JAI3J5 


Hotlalitc 


ultramarino 


The analogy witli the zeolites is supported by the observations 
of Singer and of Gniner,®^ as to the action of alkali sulphides on 
synthetic zeolites. Blue substances are so formed, the colour being 
partieularlv deep in the case of the alkaline earth compounds. In 
contradistinction to the true \dtramarines, however, these substances 
are not very stable. Sulphur may be removed by washing, with 
ilecolorization of the material, an<l hvdrogen sulphide is liberated 
when they are «Uied either at 100° or at the ordinary temperature. 
The amount of sulphur taken up varies from 3 to 4 atoms for each 

8 * Z . atiorff . Chrm ., 1932 , 204 , 232 , 247 . 
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formula weight of Nae[AleSieHio 03 o] (see above for Gruner’s formu- 
lation of the artificial zeolites). Since the acid equivalent of the 
material is unchanged by the treatment with alkali sulphide, it is 
inferred that or SH“ ions are taken up as such, although oxida- 

tion of sodium sulphide to polysulphidc is also possible. That 
some such oxidation occurs, and is associated with the development 
of colour, is shown in that treatment of a thoroughly out-gassed 
zeolite with sodium sulphide in an atmosphere of nitrogen yielded 
a colourless product containing exactly two atoms of sulphur per 
molecule of The sulphur is considered to enter 

the molecule by the direct exchange of SH for OH groups giving 
[AleSieHjoOasiSH)^]®-. The loss of sulphur during drying is then 
attributed to hydrolysis : 

[AlaSiflH„028(SH)2]«- + 2H,0 [AhSieHjoOaJOH),]'^- + 2H,S 

In the presence of air, sodium hydrosulphide is readily oxidized to 
polysulphide, so that the reaction with zeolites in aeroluc condi- 
tions might easily lead to the introduction of or S* groups. 

Blue substances of much greater stability, more closely related to 
the true ultramarines, are obtained by the action of sodium sulphide 
solutions at temperatures above 200*^, umler pressure. These, like 
the true ultramarines, catalyse the reaction of iodine with sodiuin 
azide ; they give clearly defined X-ray diffraction patterns identical 
with or very similar to those obtained from true ultramarines. 

X-ray evidence as to the constitution of ultramarine was first 
advanced by Jaeger, e* who showed that the ‘ powder photographs 
obtained from all ultramarines, quite irresjiective ot their coloui 
and chemical constitution, were identical amongst tlKunselves and 
with the diffraction patterns given by no.sean and liauync. buda- 
Iite,«“ however, gave entirely different diilraction patterns, and 
should therefore not be grouped witli nosean and ultramanno m 
the manner discussed above* Variation in tlic cations of ultra 
marine — e.g. replacement of sodium by silver cuusci on y a era 
tions in the relLive intensities of the different 
any significant changes in spacing. Ihere is a minor c. 
dimensions of the structure, in that the insertion of a 
ie.g. substitution of lithium for sodium) causes a slight shiinkage of 
the whole aluminosilicate skeleton. The sulphur of Ultramar no 
may be replaced by selenium with no effect on the stiucture ot er 

than a similar alteration in relative intensities. 

The structure of the compounds is ba.scd on a bud>-ccntitd cubic 

ssRef 84; Proc. Acad. AvuiUrdam, ^^27, 

“A'ee Pauling, Proc. Nat. Acad. Set.. 1930, 16, 463. 



256 MODERN ASPECTS OF INORGANIC CHEMISTRY 

lattice, of 913 a side. The unit cell contains twenty-four atoms of 
oxygen, with six atoms of silicon and six of aluminium. The 
observed symmetry of tins [AleSieOai]®' unit demands that it 
should form a regular octohedral unit in the three-dimension 
(Si,Al) — O framework, with the wide channels and vacant cavities 
characteristic of the zeolites. Jaeger could not locate the cations 
or the sulphur atoms in this structure, and suggested that these 
could wander through the lattice, occupying random or indeter- 
minate positions. Newer studies of the structure show, however, 
that there is no need for such a view. 

According to Podschus, Leschewski and Hofmaim,®® the ideal 
formulse for the ultramarines and related compounds given above 
must be modified, in that there is no room for more than eight 
large cations such as Na'’" in each imit cell. Higher contents of 
sodium must be interpreted as due to admixed sodium salts. In 
the ultramarines themselves there are invariably less than eight 
atoms of sodium— a typical material analysed by them had the 
composition Na^ a3Al5.87Si6.i30 24S2-45, with A 1 + Si = 12 , as the 
theory demands. There are places for eight cations in the crystal 
structui’e, and it is suggested that the sodium ions are distributed 
statistically over the available places. The sulphur probably is 
present in the form of 83 groups, which may well be polysulphide 
ions. These are relegated to octohedral groups occupying the 
centre and corners of the unit cubic cell. Of these groups, again, 
not more than two of the six possible positions are occupied, and 
considerations of the actual space available for occupation by the 
sulphur make it improbable that any polysulphide groups larger 
than 83-' can be present. 

It is plain from the foregoing .section that the ultramarines are 
closely related structurally to the zeoUtes ; the origin of their 
colour remains to be discussed. The chemical evidence shows that 
tlie colour is associated with the presence of regulated amoimts of 
alkali and of sulphur, which latter must be present in part as 
sulphide ions, the remainder being probably polysulphidic. Older 
theories attributed the blue colour to colloidal sulphur. Thus 
coloured products containing colloidal sulphur are obtained from 
ferric chloride and sodium thiosulphate, or by the addition of 
sulphur to fused sodium or potassium chlorides. Fused potassium 
thiocyanate also develops a blue coloration. 

Substances which have been supposed to be related to the ultra- 
marines are obtained by fusing borax with sodium sulphide or 

Z. anorg. Chein., 1930, 228 , 305. 

K. A. Hofmann, Ber., 1005, 38 , 2482 ; Wo. Ostwald and Auerbach, 
KoUoid Z., 1026, 38, 336 ; see also Ref. 92. 
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sulphur.®* Yellow, red and dark bro\vn colorations are developed, 
which darken to green or blue on the addition of boric acid. The 
higher polyborates — e.g. NagBigOje — give blue melts when they are 
treated in solution with hydrogen sulphide and subsequently fused : 
the colour is deepened by heating the products in carbon disulphide 
vapour. Boric acid in these so-called ‘ boron ultramarines may 
be partially replaced by alumina or silica, while sulphur ma^ be 
replaced by selenium, giving pink to brown colour's, or by tellurium, 
which gives greys or blacks. Hydrated sodium sulphide gives an 
analogous sky-blue melt with sodium phosphate and phosphorus 
pentoxide. All these colours, however, are transient and unstable. 
They may well be due to highly disperse colloidal sulphur, and 
Wo. Ostwald and Auerbach sought to extend the hypothesis to the 
true ultramarines, correlating the variation in colour with di tercnt 
degrees of dispersion of the colloidal sulphur. Ihoir view is not 
acceptable, however; Podschus, Leschewski and Hofmann con- 
sider that the crystal structure excludes any possibility of colloidal 
particles being present, and -as ha.s been seen -the sulphur is com- 
pletely non-volatile and resistant to oxidation in nitrate melts up 
to 550°. The true origin of the intense blue of tlio ultramarines is 
thus still unexplained, although its association with the presence 
of polysulphide sulphur is certain. 

The Formation of Natural and Artificial Silicates. 

The structural chemistry of tlic silicates is haseil aliuost entirely 
on the multiplicity of compounds represento.l amongst the natur- 
ally occurring'^silicLos. These are remarkable f""- “"'P' ^ 

organization of the structures found in many o .em i 
perfection with which they have crystallized. It has been the task 

leBy of the mineralogist to work out the conditions 
the ihfferent cla.sses of silicate were formed and the conclusions 
reached suggest that certain principles underlie the scqi ence of 
nueleation and growth of alternative structures from a complc.v 

accented that the minerals were derived originally from a 
auid or magma. Chemically, 

ponent system, with components, but 

. 1 .- ^ 

a emaU amount of naUa ^aslioa as 

perature, at least — was probably combi 

water is retained in a metaphosphate melt ' j J, 

pounds deposited at high temperatures were those containing 

Z. anorg. Chem., 1921), 183, 37. 
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water, which thus increased in concentration in the liquid phase 
as solidification proceeded. The partial pressure of water vapour 
in the system rose in consequence, and the nature of the liquid 
phase changed progressively from a mobile melt, through a highly 
viscous liquid, subjected to the action of super-critical water vapour, 
and ultimately to an aqueous solution in the critical region and 
below. 

Under these conditions, the solids deposited showed a regular 
progression. Not only did the ratio of acidic oxides to basic oxides 
increase as the temperature fell and solidification progressed 
(corresponding to the transition from basic to acidic rocks), but 
there were successively traversed the principal structural types 
reviewed in this chapter. From natural magmas, the first sub- 
stances crystallizing were not silicates, but heavy metal oxides 
(magnetite, chromite, etc.), but the first silicates to crystallize were 
the orthosiliciitcs {e.g. olivine), to be followed at lower temperatures 
by the metasilicates (pjToxenes). The ordering process, as between 
melt and growing crystals, thus gave rise first to structures with 
island anion groups, and then to the one-dimensional extended 
structures. The formation of three-dimensional network struc- 
tures — quartz, aluminosilicates of felspar type — and of the sheet 
structure aluminosilicates (micas) represented the third stage in the 
crystallization of the silicates, and occurred imder conditions such 
that water vapour, now present in rapidly increasing concentration, 
could participate in the surface reactions between melt and soUd, 
tlnis acting as a mineralizing agent. In the final stages of crystal- 
lization tlierc was present a supercritical aqueous solution of all the 
components soluble under such conditions. Whereas the preceding 
stages led essentially to compoumls based on the close packing of 
ions (corresponding to the close packing in the melt from which 
crystallization took place), the couilitions of the so-called hydro- 
thermal crystallization produced the complex open-work structures 
of the zeolites and related bodies. Tliesc represent the products of 
reaction between the solution phase and aluminosilicates pre\’iously 
ilepositcd. As would be expected, there is a regular trend from the 
completely anhydrous silicates deposited at the highest temperatures 
to tlmsp in which water and OH“ ions play an increasing .structural 
role. Finally, the important grouj) of clay minerals is of secondary 
origin, formed at the ordinary temperature by the action of w'eak 
acids (CO2 and humic ackls) 011 aluminosilicates such as felspar and 
mica. Their important physical properties are U'pically the results 
of their formation by topocheniical processes. The chemical 
mechanism of their formation cannot be stated : it should repay 
a detailed study. 
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Because of the technological importance of silicate systems, certain 
aspects of their chemistry have been extensively studied. The 
fusion diagrams of simple binary systems show that both ortho- 
silicates and metasilicates may coexist with the liquid phase, whilst 
felspars and micas have been crystallized from ternary melts. 
The high viscosity of molten silicates suggests a close parallelism 
with the poly-anion formation that takes place in phosphate melts. 

In reactions between silica and metallic oxides in the solid phase, 
which depend on diffusion processes, there is some evidence that in 
every case the orthosilicate is the primary product of reaction,®^ 
and that this may subsequently react with silica to form meta- 
silicates. Similarly, in the ternary mixture CaO + AI 2 O 3 -h 
the formation of gehlenite, Ca.AUSiO,. an aluminosilicate derived 
by substitution from the discrete Si.O/- anion structures, precedes 
the formation of the three-dimensional felspar network of anorthite. 
CaAl-Si,0«. There is some indication here of a parallelisin with 
the sequence of formation from the melt, but it is not known whether 
this is a consequence of the mechanism of the underlying diffusion 
processes, or of the relative facility with which structures of incroas- 
ingly complex organization enn nucleate and grou. 

The study of hydrothermal proce.sses in the laboratory has shown 
the efficiency of water vapour in promoting crystallization of sili- 
cates. SiUca gel and fused vitreous silica may rapidly be recrystal- 
lized as quartz, and Barrcr and others have shown that naturally 
occurring zeolites can be synthesized from reactive form-s of the 
appropriate oxides — e.g. from silica and a umina ge s, wi ^ ' 
and affialinc earth salts. Felspars such as albitc, the la>er ‘structure 
of talc, and the hydrated metasiheate chain structure of serpentine 

are amongst the silicates obtained by hydrothermal - 

There is good evidence for the transport of .silica throu,,h the 
vapour phas^e in the presence of water vapour. Ihi.s l^ehayimir is 
not conffiied to silica, since so refracU,ry an ox.de as bei^I a 
volatilizes markedly in steam at 1250^®^ Certm„ transition meU 
oxides show evidence of similar volatility. It is ucll 
boric acid. B( 0 H) 3 . volatilizes as such, and the 
these transport phenomena is probably to be found 111 the pseud 

the revieu- by K. M- Bamr, raraduy Soc. DUcus.ums. 1049, No. 5. 
f A . T VV..br(T Z anoro.Clu:m.,lim,22(>,225; W. .bnid.-r 

.nd ; j. Uiia and W, 'IVO, ,6«., 

1033, 215, 333. , ^ r 

F O Si 127 ‘^158. Also biblioj^rapliy ui ref. 93. 

•• W Ja Jer a J J NVuhrer, Z. 1U38, 235. 273 ; ^V. .(and. r 

and R, Fott, ibid., 1039. 242, 145. io.iu 71 133S. 

« C. A. Hutchison and J. G. MaUn. </. 24mer. Chem. Soc., 1049. 71. 
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halogen character, and high polarizability, of the OH*“ ion. The 
elements involved are those which form volatile, or fairly volatile, 
chlorides which, as isolated molecules, have covalent character. 
AVater vapour is strongly chemisorbed on oxide surfaces, and is 
doubtless held in part as OH~ groups — e.g. 

Be2+ + 02- + H 2 O ^ Be2+ + 20H- 

on the surface. The hydroxides of these elements are unstable at 
high temperatures, so that water is in general desorbed by reversal 
of the above reaction. Alternatively, if a Be2+ ion chances to have 
two 0H“ ions adjacent to it, it is plausible to suppose that a covalent 
Be(0H)2 molecule might evaporate from the surface. In the gas 
phase this may be a stable entity, though readily decomposed, 
reforming the oxide, by collision with a surface. On this view, 
beryllia and silica volatilize as Be(OH )2 and Si(OH) 4 , the latter 
existing only in the gaseous phase. 



CHAPTER VIII 


HYDROGEN AND THE HYDRIDES 

The chemist’s interest in hydrogen has been revived in recent 
years by two discoveries of outstanding importance, namely, the 
occurrence of spin isomerism in the hydrogen molecule, as a result 
of which ortho and para hydrogen exist, and, secondly, the exist- 
ence of isotopes of hydrogen. It is proposed to review each of 
these topics in turn in this chapter before dealing with the much 
wider subject of the preparation and properties of the hydrides 
and of certain related compounds. 

Ortho and Para Hydrogen. 

The existence of two forms of molecular hydrogen, which are 
known as ortho and para hydrogen, arises from the fact that in 
a hydrogen atom the nucleus is spinning like a top, its angular 

momentum being — ^ When two such nuclei combine to form a 

4.1 

molecule the spins can be either in the same direction, or in opposite 
directions. When in the same direction, as in the diagram below, 
they are said to be antisyminetrical, and the resulting hydrogen 
molecule is called ortho hydrogen. When they are in opposite 
directions, they are said to be symmetrical, and the molecule is 
called para hydrogen. This type of spin isomerism will exist in 
other symmetrical molecules whose nuclei have spin momentum, 
and it will also occur for deuterium, but we will confme this dis- 
cussion to the case of hydrogen, since, apart from the case of 
deuterium, none of the other pairs of isomeric molecules exliibit 
any appreciable chemical differences. 

Ortho and para hydrogen differ in their internal molecular energy, 
which is less in the symmetrical para form than in the ortho form. 
This difference in energy shows itself by alternations in intensity 
in the band spectrum of molecular hydrogen, which were first 
observed in 1924 by Mecke, and, indeed, led to the subsequent 
developments of the subject. The energy difference also leads to 

1 For a review of the physical basis of this subject, sc© OrOtohydrogen, 
Parahydrogen and Heavy Hydrogen, by A. Farkas (Cambridge University 
Press, 1936). 


201 


s 



262 MODERN ASPECTS OF INORGANIC CHEMISTRY 

a dependence of the relative proportions of the ortho and para 
forms on temperature. At the absolute zero hydrogen would 
consist of the pure para form, which has the lower internal energy, 
while as the temperature is raised the proportion of the ortho 
form would increase. It has been shown theoretically that at 
very high temperatures the limiting proportions of the two forms 



are three of ortho to one of para. The table below shows how 
the composition of the equilibrium mixture varies with tempera- 
ture. The equilibria can be calculated theoretically, but have also 
been determined experimentally. 

Table 1 


Temperciure 

{Ab9.) 

% o^para 

! % o/ ortho 

\ 3t 

t 

\ 20® 

\ 

99-82 1 

0-18 

40® 

8801 

11-39 1 

' 80° 

1 48-30 

51-61 

; 120® 

32-87 

67-13 

273® 

25-13 

74-87 

CO 

1 

25-00 

1 ; 

7500 


The thermal conductivities and specific heats of the two forms 
arc different, and it is possible to utilize these properties in measur- 
ing the composition of a mixture. The change in the proportions 
of ortho and para hydrogen in the gas does not take place readily 
on altering the temperature unless some form of catalyst is used. 
Bonhoeffer and Harteck * showed from heat conductivity measure- 
ments at low pressures that equilibrium imder some conditions 
was not reached in a year. By allowing ordinary hydrogen to be 
in contact with active carbon at 20° Abs., however, equilibrium 
was set up rapidly, and the gas which was pumped off consisted 
of para hydrogen of 99-7 per cent purity. This para hydrogen 
could be stored in glass vessels at room temperature for a week 
without appreciable conversion. The equilibrium mixture, with 

2 Natnnmss., 1929, 17, 182. 
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approximately 25 per cent of para hydrogen, is obtained again by 
any one of the following means. 

(1) Treatment with metallic catalysts {e.g. Ee or Ft). 

(2) By passage through an electric discharge. 

(3) By admixture with atomic hydrogen. 

(4) By heating to temperatures of 800® or more. 

It should be noted that enrichment with ortho hydrogen beyond 
the 3:1 equilibrium mixture ratio is not possible. Accordingly, 
it is not feasible to compare the physical properties of the two 
forms, although such a comparison between the para form and 

ordinary hydrogen can be made. 

Para hydrogen and ordinary hydrogen have an appreciable 
difference in vapour pressure, as is sho^m by the data given below 
for temperatures of 13-95® Abs. and 20-39® Abs., which are the 
triple and boiling-points, respectively, of ordinary hydrogen. 


Table 2 


1 

Vapour preeeure (mm.) 

% 

Temperature 


1 

1 

(Abs.) 

t 

Normal 

Para 

1 

hydrogen 

hydrogen 

j 

13-95° 

53'9 

67 0 

i 2039° 

7000 

787 0 

1 


The pure para form lias a melting-point of 13-83® .\bs. The 
magnetic properties of the two forms of hydrogen are also different. 
In para hydrogen the nuclear spins compensate one another and 
the magnetic moment of the molecule is zero, whereas in ortlm 
hydrogen the spins act in conjunction and the moment, extra- 
polated from data for known ortho-para mixtures, is found to 
approximate to twice the moment of a proton. It should be 
borne in mind, however, that this magnetism due to nuclear spin 
is much less than that arising from extra-nuclear factors. 

The fact that the thermal conductivities and heat capacities ol 
the two forms of hydrogen arc different has already been men- 
tioned. The utilization of these differences in analysing ortho- 
para mixtures has been developed by various workers, the type 

of apparatus used being shown in Fig. 46. . , . ,. . , 

The conductivity cell, w’liich is immersed in liquid air or hquid 
hydrogen, contains a fine wire, which is heated by a srnall battery 
of cells to 160-180® Abs., and forms one arm of a Wheatstone 
bridge. Its reeistance is used as a measure of its temperature, the 
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latter being controlled by the thermal conductivity of the gas 
surrounding the wire. With a constant heating current and pres- 
sure, the wire will reach a higher temperature in normal hydrogen 
than in para hydrogen, because the latter has a higher thermal 
conductivity. Thus by first calibrating the cell with ordinary 
hydrogen and with pure para hydrogen it is possible, since there 
is a linear relationship between the conductivity and the para 
hydrogen content of the mixture, to analyse unlmown mixtures 
of the two forms of hydrogen. There have been various modifi- 



Jiu. 46. — Apparatus for analysis of ortlio>para hydrogen mL\tures. 
(Vrom OrihohjiJrogtu, Parahydrogfn, and Ueary llydtogtny by A. Ffirkns.) 


catioiisS of this method for application in special cases* Thus 
normally the measurements are made at a pressure of 20-40 mm., 
but A. Farkas ® has developed a method for operating with a cell 
of 2 c.c. capacity and gas pressures of 0-05 mm. 

The catal 3 rtic properties of different materials in bringing about 
the ortho-para conversion have been extensively studied. The 
thermal conversion at 800—1000® is a homogeneous reaction, and 
is believed to be due to the production of hydrogen atoms by 
thermal dis.sociation of hydrogen. Certain paramagnetic substances 

’ Z. physikal. Chem., 1933, B, 22, 344. 
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have been found to catalyse the conversion. Thus oxygen, nitric 
oxide and nitrogen dioxide, all of which are paramagnetic, are 
effective (L. Farkas and Sachsse ^). Thanks to the development 
of reliable analytical methods, studies of this sort are quite readily 
carried out. Many diamagnetic gases, such as Na, N^O, CO2, NH3, 
HI and SOg, were incapable of causing conversion. Paramagnetic 
ions in solution were also found to transform para hydrogen into 
the equilibrium mixture, the eifect being greater the greater the 
magnetic moment of the ion in question. In the table below the 
velocity constants for the conversion by half-molar solutions of 
different ions are given, together with the magnetic moments of 
the ions in question.® 


Table 3 


Ion 

4 

Magntiic moment 

k in fnoU~^ 

in mognetons 

litre mm** 

1 

1 

Zn++ . . 

' 0 

0 * 

Cu++ . . 

19 

1-15 

Ni++ . . 

3-2 

1-95 

CO-H- . . 

51 

5-50 

Fe++ . . 

53 

005 

' Mn++ . . 

5'8 

805 


The heterogeneous conversion was first observed with charcoal 
as a catalyst. M'hcn ordinary hydrogen is passed through a tube 
packed with charcoal and cooled in liquid air, the equilibrium 
proportion of para hydrogen corresponding to the temperature of 
liquid air is found to be formed rapidly. Charcoal is not effective 
as a catalyst at ordinary temperatures. Platinum black, on the 
other hand, is a good catalyst at room temperature, but is not 
effective at the temperature of liquid air. The effect of temperature 
on the activity of different catalysts is rather complex. Sodium 
chloride has a minimum activity in the neighbourhood of room tem- 
perature, as has copper powder. Taylor and Diamond® have 
shown from a study of the catalytic activity of oxides at 80 Abs. 
{e.g. CrA, Gd^, Nd203. VA- V^O^. CeO^. ZnO, LaA) that 
paramagnetic oxides are more active at this temperature. It has 
also been observed that certain substances are capable of poisoning 
catalysts for the ortho-para conversion. 

• Ibid., 1933, B. 23, 1, 19. 

» Data from Farkaa, op. cit. 

* J. Amer. Chem. 80c., 1933, 55, 2013. 
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The conversion of para hydrogen to an equilibrium mixture by 
means of atomic hydrogen has been demonstrated directly by Geib 
and Harteck.’ Para hydrogen-rich hydrogen, prepared by desorp- 
tion from charcoal cooled in liquid air or liquid hydrogen, was 
allowed to mix with hydrogen streaming away from a discharge 
tube and therefore carrying hydrogen atoms {cf. p. 306). Partial 
conversion to the equilibrium ortho-para mixture was observed, 
analyses being made by the method already outlined. By carry- 
ing out the reaction 'p -^2 + H = 0 -H 2 -}- H at various tempera- 
tures, the energy of activation of this process was found to be 
7250 i 250 g. cal. The fact that atomic hydrogen is able to bring 
about the conversion has been utilized in measuring the stationary 
concentration of hydrogen atoms in the photochemical reaction 
between hydrogen and chlorine.® The same principle has been 
employed Farkas and Harteck in determining the concentration 
of hydrogen atoms in the photochemical decomposition of gaseous 
ammonia by light of wave-length less than about 2000 a. There 
are other grounds for supposing that the primary photochemical 
reaction in this instance is NH 3 -f- kv = NHg d- H, but the fact 
that the system undergoing photolysis can actually bring about the 
ortho-para hydrogen conversion is proof that hydrogen atoms are 
present (unless, of course, it could be shown that radicals such as 
NH and NHg were able to produce the same effect as H), Cremer, 
Curry and Polanyi ° hav'e used the same method for studying the 
relative reactivity of simple molecules (e.g. CCI 4 , CHCI 3 , CHgCIa, 
CH3CI) with atomic hydrogen. 

Deuterium and its Compounds. 

The existence of a lieavy isotope of hydrogen was first suspected 
aft<*r the discovery of a discrepancy in atomic weight data. Aston’s 
value for the atomic weight of hydrogen relative to the standard 
0 - lG -000 was T00778 di 0-0odl5. This value, determined in 
1027. was basi‘d on the application of the mas.s spectrograph and 
n]>peared to he in good agreement with the chemically determined 
value of 1-0(1780. In 1020, however, Giauque and Johnston showed 
from ol)servntions on the band spectrum of oxygen that the element 
was not simple, but had isotopes of mass 17 and 18. The atomic 
weight of oxygen, calculated from the relative abundance of these 
isotopes, was found to be 16-0035. If the chemical atomic weight 
of hydrogen is changed from the standard O — 16-000 to O = 16-0035, 

" Z. phtjsikaL Chein., 1931, Bodensicin-Feslband, 849. 

8 Geib and Harteck, Z. ph;/!>ikal. Chem., 1931, B. 15. IIC. 

* Z. physikal. Chem., 1933, B, 23 , 445. 
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a value of 1*00799 is obtained for hydrogen, which is definitely 
greater than Aston’s physical value. The discrepancy would be 
accounted for on the assumption that ordinary hydrogen contained 
about 1 in 4500 of a heavier constituent of mass 2.*® 

This suggestion was rapidly put to the test and verified by 
observations on the optical spectrum of the residues left after 
evaporating liquid hydrogen, and also by application of the mass 
spectrograph, but from the point of view of the chemist a big 
problem remained, namely, how to prepare the new isotope of 
hydrogen in sufficient quantity for the study of its chemical 
reactions. Many methods were, of course, possible and practically 
all were tried. These included the fractional distillation of water 
with a view to separating D 2 O from HjO and HDO. The differences 
in boiling-point are known to be small, but an enrichment of the 
tail fractions in D^O was actually observed by several workers. 
Distillation of other deuterium compounds {e.g. GHj-CD.! mixtures) 
w’as also studied and gave positive results, as did the fractional 
freezing of ordinary water, and the fractional de.sorption of hydrogen 
from charcoal at liquid air temperatures. The hydrogen isotopes 
are also partially separated by diffusion through palladium, while 
by use of the Hertz diffusion apparatus {cf. p. 25) a small quantity 

of pure deuterium was isolated. 

Almost without exception the above methods are laborious and 
the separation effected is small. The preparation of pure deuterium 
in quantity first became possible as the result of an observation 
made by Washburn and Urey," that when water i.s electrolysed 
the residue becomes enriched in deuterium oxide. Various degrees 
of enrichment were observed in industrial electrolytic plant, irre- 
spective of whether an acid or alkaline medium had been used 
in the electrolysis. Small enrichments have also been observed in 
water from various natural sources, but these can usually be 
explained readily in tenn.s of preferential evaporation, preferential 

diffusion, or some such cause. , 1 • 1 

The enrichment of deuterium in water by electrolysis may be 

iudeed from the following figures, which refer to the eloctrolysi.s 
of caustic soda solution, made up with water from commercial 
electrolytic cells, between sheet nickel electrodes, with periodic 
distillation of the residues to free them from accumulated alkali. 
The figures in the last column show the volume of liquid put through 
each stage of the process. The gas evolved in the later stages of 
this electrolysis was burned and returned to the process, as it con- 
sisted of a deuterium-hydrogen mixture containing a considerable 

Birge and Menzcl, Phys. Rev., 1931, 37, 1009. 

•• Proc. Nat. Aead. Sci., 1932, 18, 490. 
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amount of deuterium. The data are taken from the work of 
Taylor, Eyring and Frost. 


Table 4 


Stage oj Density of 

i electrolysis product d|r ' 

% hydrx>gen 
which ic 
heavy 

1 

Volutne 

electrolysed 

\ 

1 . . . 0-998 

2 . . . 0-999 i 

3 . . . 1001 i 

, 4 . . . 1-007 

i 5 . . . 1031 

i 6 . . . 1098 

7 . . . M04 

1 

1 

1 0-5 

i 2-6 

1 8 

30 

93 

99 

• 

1 

■ 610 gal. 

90 gal. 

52 1. 1 

1016 1. 

2 00 1. 

420 c.c. : 

82 c.c. 1 

4 

1 i 


The electrol 3 ^ic production of pure deuterium oxide is now 
carried out commercially. The densities of D^O and H 2 O differ 
by approximately 10 per cent, and density measurements therefore 
constitute a ready method of determining the constitution of a 
given sample. The density is not, however, a reliable guide as to 
composition unless it has been verified that no enrichment in the 
oxygen isotope has taken place in the electrolysis. This may be 
checked by ‘ normalizing * the water by treatment with successive 
quantities of ammonium chloride, which removes deuterium by an 
exchange reaction {vide infra)^ and determining if the density 
reverts to that of ordinary water. 

Physical Properties of Deuterium and its Compounds. 

Deuterium and its compounds differ appreciably in their physical 
properties from their hydrogen analogues. The melting-points, 
boiling-points and latent heats of fusion and evaporation of the 
molecules Hg, HD and D 2 , which are tabulated below (Table 6), 
illustrate this point. 

Table 5 



HD 

D. 

M.p., " — 259-2 

B.p., ® - 262-7 

Latent heat of fusion, g. cals. . 28-0 

Latent heat of evaporation, g. cals. 219-7 

— 256-5 

1 

37 

263 , 

1 

\ 

- 264-6 

- 249-6 

47-0 
1 302-3 

“ J. Cbem. Phys., 1933, 1, 823. 
Clusius, Z. EUktrochem.t 1938, 

44, 16. 
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Among the compounds of deuterium similar differences exist, 
deuterium oxide being of special interest because it is the starting 
material for the preparation of most deuterium compounds. Like 
water, it is an associated liquid. The following table (Table 6) 
illustrates the differences in some of the chief physical properties 
of the two compounds. 

Table 6 



H,0 Dfi 1 

Boiling-point 

Melting-point 

Specific gravity 20° 

Temp, of max. density 

Heat of vaporization (cals. /mole) 

Dielectric const 

Viscosity at 20° 

Refractive inde.x 

Surface tension (dyncs/cm.) .... 

100° 101-4 i 

0° 3-8° 

0- 9982 1-1059 

4-08° 11-22° 

1 9700 9960 

82 80-5 

10-09 12-0 

1- 33300 1-32844 

72-75 07-8 


Ionic mobilities in DgO are less than in HgO, but this effect may be 
accounted for by the greater viscosity. In most cases salts arc 
somewhat less soluble and the heats of solvation of ions are smaller 
in deuterium oxide. Salt hydrates and deuterates also show small 
differences in dissociation pressures and in transition temperatures. 

There are similar differences in melting- and boiling-point between 
many other deuterium compounds and their hydrogen analogues, 
though, as is shown by the few examples given below (Table 7), 
the values for the deuterium compounds are not always higher. 

Table 7 


Compound 

1 

m.p.® 


Compound 

tn.p.^ 

b.p.” 

NH. , . 

- 77-8 

- 33 3 

i' CH* . . 

- 182-C 


ND, . . 

- 73-5 

- 31-0 

; CD, . . 

- 184-0 


HjS . . 

- 85-5 


, CeHe . . 

5-5 1 

80-1 

. . 

- 80-0 


iCeD, . . 

6-0 

79-2 

HCl . . 

- 110-9 

- 86-0 

I HCN . . 

- 14 ' 

25-3 

DCl . . 

- 114-9 

- 81-5 

I DCN . . 

- 12 1 

25-9 


PTe-paration and Reactions of Deuterium Compounds. 

Deuterium may be prepared from deuterium oxide by electrolysis, 
or by any other preparative method capable of yielding hydrogen. 
A great many deuterium compounds are also produced in reactions 
analogous to those used in preparing the corresponding hydrogen 
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compounds. For example, deuterium may be combined directly 
with tbe halogens, and deuterium oxide will react with acid 
anhydrides {e.g. SOs, PjOb) to form the deuterium acids. Similarly 
oxides such as Na20 and CaO form NaOD and Ca{OD)2 with 
deuterium oxide, and salt-like metallic sulphides, nitrides, phos- 
phides and arsenides give the deuterium analogues of the correspond- 
ing hydrides on treatment with deuterium oxide or a deuterium 
acid. Many other examples of this sort could be quoted. 

Exchange Eeactions : A rather different approach to tbe prepara- 
tion of deuterium compounds is by the exchange of hydrogen for 
deuterium under suitable experimental conditions. At high tem- 
peratures deuterium will react with H2 to form HD, and will also 
exchange with part of the hydrogen in molecules such as NH3, OHg 
or CH4. These reactions often occur at lower temperatures on 
suitable hydrogenation catalysts such as palladium or nickel. 

Exchange reactions also occur with great readiness in liquids 
which contain ions. If, for example, NaOH is dissolved in DjO, 
there is a rapid ionic reaction and a mixture of NaOH and NaOD 
may be recovered from the solution. A similar, but less obvious, 
exchange occurs if an ammonium salt is dissolved in deuterium 
oxide (or a deutero ammonium salt is dissolved in normal water), e.g. 

NH^Br + DaO ^ NHgDBr H- HDO 
This reaction illustrates the dissociation of the ammonium ion in 
solution into H+ and NH3, and also the equivalence of all four 
hydrogen atoms since, on treatment of the ammonium salt (NH4X) 
with successive quantities of DgO, the final product is ND4X. 

Deuterium exchange also occurs rapidly with amines {e.g. 
NH2CH3.HCI) dissolved in water, and even with such compounds 
as hexammine cobaltic chloride, (Co(NH3)a)Cl3, trisethylenediamine 
cobaltic chloride, Co(C2H4(NH2)2)3Cl3, or tetrammine platinous 
chloride, PtCNHgl^C^, there is a slower reaction. The rate at which 
interchange occurs in deuterium oxide has been measured by pre- 
cipitating the salt from solution by some suitable reagent after 
various intervals of time — e.g. precipitating tetrammine platinous 
chloride ns Magnus’ salt,Pt{NH3)4ptCl4 — and determining the change 
of concentration. It is believed that the ammine cations undergo 
an acid di.ssociation to a very small degree, the dissociated form then 
reacting with deuterium oxide to complete the cycle of changes : 

[Co(NH 3 ) 4 r+ ^ [Co(NH3)5NH3l*+ + H+ 
[Co(NH 3 )sNH 2 ] 2 ^- -f DD ^ + OD" 

H+ -b OD- HOD 

This mechanism parallels the known mode of dissociation of water 
within the co-ordinate complex : 

[Co(NH 3 ) 5 H 20 ] 3 + ^ [Co(NH 3 )bOH] 2 + + 
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For the deuteration of organic compounds “ various methods are 
available. Catalytic exchange reactions with deuterium itself have 
been mentioned already. Deuterium oxide addition to unsaturated 
compounds occurs exactly as in the case of water. Acetone will 
undergo an exchange reaction with deuterium oxide in alkaline 
solution, due, it is believed, to the reaction of the ketone m its 
enolic form. CH3C(0H) = CU^. Nitromethane also reacts with 
deuterium oxide in presence of alkali, and here again it is believed 
to be the cnoUc form. CH, = N(0H)0, which is effective. The 
result of this exchange is the introduction of deuterium into the 
alkyl group, and by reduction of the final product (CD3NO2) to 
CD,NH* followed by further treatment with deuterium oxide, the 
fully deuterated compound, CDjNDj, may be obtamed. These 
examples, taken at random from the very extensive literature ot the 
subject, serve to illustrate the importance of exchange reactions in 

this field. 


Tritium. 

Tritium (H® or T), the radioactive isotope of hydrogen of mas.s 
3 0169. was discovered in 1934 by Olipbant, Harteck and Kutlier- 
ford “ as a product of the bombardment of deuterium compounds 
such as D3PO. and (NDJ.SO., with deuterons. The nuclear 
reaction which occurs is d + d = ( + p. There are now severe 
other methods for preparing the new isotope the most convenient 
of which is the irradiation of lithium or a lithium compouml with 
slow neutrons derived cither from a nuclear reactor (see p. 53o) or 
a cyclotron reaction, Tlic process which occurs is : 

+ n = He« + 

The tritium produced may be separated from helium by -‘l-^-ndion 
in uranium metal, witli wl.ich it forms the compound Ull>3, and 
regenerated subsequently by heating to S00“. Alteriia ively it im.y 
be oxidized to and i.solatod m this form. .Vnother con- 

venient source for small amounts of tritium is beryllnim wlueli has 
been bombarded in the cyclotron with dc.iterons for the production 
of neutrons (I5e»(d,n)B'“). In this case it i.s formed in the secondary 
reaction Be" + d = 2110" -t- H". Part of the tritium formed is 
liberated as gas during the bombardment : that remaining m the 
metal may be driven off by heating in vacuum and then o.xidized. 
The primary product in all these reactions is the tritium nucleus, 
or triton, wWcli, however, readily gams electrons under the experi- 
mental ;ondition,s used and forms neutral tritium atoms and 

■< For a more detaile.l review of this topic, «« Sidfivick Tlu Chaeiml 
EkmerUs and tltnir Compaundn (Ciarendon Press. 0,vford, iUoO), \ ol. I, p. S.. 

“ Nature, 1934, 133. 412. 
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molecules. Tritons are formed in various other nuclear reactions 

(e.^. Cu«3(<f,09u*")- 

Tritium decays by emission of /^-particles of low energy (max. 
18-3 ± 0-2 K.e.v. ; mean 5-69 db 0 06 K.e.v.) and has a half-life 
of 12-46 ± 0'2y. The decay product is the helium isotope He^ 
The low energy of the /5-particles introduces a measure of difficulty 
into its detection by the Geiger-^Iueller coimter, as the rays will 
not penetrate the counter window. The tritium must therefore be 
introduced as gas into the interior of the counter, or, alternatively 
the light pulses produced when the /S-particles impinge on a film 
of naphthalene may be recorded with a photomultiplier tube. The 
short life of tritium precludes its occurrence in nature, and early 
reports of its detection were shown by Aston to be due to confusion 
in mass-spectrographic observations between lines due to the ions 
(D 2 H)+ and (DT)+ 

The purely chemical work so far done with tritium is very limited. 
The equilibrium HT -h HgO = Hg + HTO has been studied.^* 
The differences in physical properties between hydrogen and tritium 
are likely to be greater than in the case of hydrogen and deuterium, 
and the same will be true of their respective compounds, though 
very few have been described. The main application of tritium 
in chemistry is likely to be as a tracer.^’ Reference has been made 
already to the use of deuterium in this way. The assay of the 
deuterium content of compounds depends on the mass spectro- 
graph, density determinations or some such method. In the case 
of tritium ^-ray counts are used directly for assay in the study of 
exchange reactions and of the behariour of tritium-labelled groups 
in organic molecules. It is possible by using the radioactivity of 
tritium to measure accurately much smaller quantities than in the 
case of deuterium. 

The Hydrides. 

The compounds of the elements with hydrogen fall into three 
fairly distinct classes, namely, the volatile, the salt-like, and the 
interstitial hydrides. Those in the first class have covalent bonds, 
and include derivatives of the following elements : 


Oroup 

III 

JV 

Y 

Y1 

Vll 


B 

C 

N 

0 

P 


[Al] 

Si 

P 

S 

Cl 


Ga 

Go 

As 

So 

Br 


[In] 

Sq 

Sb 

To 

I 


Pb 

Bi 

Po 



Black and Taylor, J. Chem. Phya., 1943, 11, 395. 

See Kamcn, Radioactive Tracers in Biology (Academic Press Inc., Now 
York, 1947). 
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In the second class are the hydrides of the alkali and alkahne earth 
metals, and possibly also those of lanthanum, cerium, praseodymium 
and neodymium. These are solids with ionic lattices. The last 
group includes the hydrides of elements such as titanium, zirconium, 
vanadium and uranium. It should be added that the distinction 
between salt-like and interstitial hydrides is not always clear. 
Several cases where this uncertainty exists are referred to below. 


The Boron Hydrides. 

The formation of hydrides of boron by the action of acids on 
magnesium boride has been known for about seventy years, but the 
isolation and study of the separate hydrides became possible only 
when special manipulative methods were developed by Stock and his 
co-worLrs.i« The difficulties in working with these compounds are 
due to their volatility and sensitivity to air, moisture and tap grease 

The melting- and boiling-points of the boron Mndes known at 
the present time arc summarized m the table below. There are 
in addition, a number of less well-defined solid hydrides, which are 

described in a later section. 


Table 8 

Hydride 




- 105-5 

- 92-5 

le • • • 

j 

- 120 

18 

j 

— 46-6 

48 

J 

- 123 

03 


- 05 

v.p. at 0®, 

ciio . 


7*2 mm. 

. ■ • 

99-7 

1 

213 


Three main metho-ls are available for preparing these substa.rces » 

"“m'Tho reaction of magnesium boride with aqueous acids. 

2 The reaction of boron trichloride or tribromide with hydrogen 
in tlm electrical discharge, followed by deeompos. ion of the 
haloaen derivative (B,H,CI or B,H,Br) produced 
(3) T^ reduction of a boron halide with lithium aluminium 

The third onhese methods, which yields diborane, is now in general 

.. O. 1 . I, iv, »l.i« rinld i8 summarized in his monograph Tlie Hydrides 
of Bo^ allsUiZ lcomoa University 1933). This book also dis. 

CheZsoc., 1948. 2, 132 ; Scbloainger and Burg. Chem. Rev.. 1942, . . 
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use and has supplanted the other two. The decomposition of 
magnesium boride by acids (HCl or H3PO4) g;ive3 a rather low yield 
of tetraborane, I54H10, as the main product, together with small 
amounts of BgHio, CO^, PH3 and silicon hydrides. 

The last three are derived from impurities. It does not yield any 
diborane, BaH^, probably because this substance is very rapidly 
decomposed by water or aqueous acids. 

The second method, which was developed by Burg and Schlesinger, 
entails pumping a mixture of boron trichloride or tribromide and 
hydrogen at a pressure of 5-10 mm. through an electrical discharge 
between water-cooled copper electrodes. The issuing gas contains 
Ha. HCI (or HBr), a Uttle BnHg. BCig (or BBcg), and B2H5CI (or 
BaHsBr). It is condensed in a U-tube cooled in liquid air, the 
hydrogen halide and BoHo are distilled off at — 120® and the residue 
of BCI3 (or BBra) and B^H^Cl (or BaHsBr) is kept at 0®, when it 
disproportionates according to the equation 

eBgHsCl = SBgHa + 2Ba3 

The preparation of diborane by reducing boron trichloride with 
lithium aluminium hydride {see p. 281) gives an almost theoretical 
yield : 

SLiAlHj -t- 4BCI3 = SLiCl -h 3AICI3 4- SB^He 

The lithium aluminium hydride is dissolved in ether, cooled, and a 
solution of boron triiddoride in other is added slowly with a stream 
of dry rutrtigen passing through the reaction flask. A cold-finger 
roflux containing a solid carbon dioxide refrigerant prevents exces- 
.sivi' loss tif ether with the exit gas, from which diborane is condensed 
bv passage through a U-tubc cooled in liquid nitrogen. Boron 
trifluorido reacts similarly. 

J itterconvcrsion of the Boron II>j<hidcs . — The intcrconversiou of the 
boron ])V<lridcs. and particularly the preparation of the higher 
hytlriiies from the readily acce.ssible diborane, has assumed a 
spi'cial importance since the discovery of the lithium aluminium 
livdridc method for prejiaring diliorane. There appears to bo a 
complex set of equilibria between the various hydrides, controlled 
by tem})erature and the presence of added hydrogen.*®® When, 
for examjile, diborane is passed through a tube heated to 100-120 , 
IViHio J*''d Br,Hn main products. The hydride B^Hjq, on 

the ikther hand, gives moderate yields of Bollg when heated at about 
the same temperature, while in the thermal decomposition of BjHn 
at lU, Ballet B4H10, BsHo and B10H14 are all formed. In 

this case the yield of BjHs and B.,Hjo U enhanced by the addition 
of a large o.xcess of hydrogen. 

Ste, for example, Clarke and Pease, J. .-laier. Chem. Soc., 1951, 73, 2132. 
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Nm-Yolaiile Boron Hydride.— '^o volatUe boron hydrides other 
than those given in the table are known, but several non-volatile 
solid hydrides have been produced by the action of heat on the 
volatile compounds. Thus diborane, on heating m a glass vessel 
<at 120°, giv^ a colourless film of a hydride of the approximate 
formula which is insoluble m carbon disulphide On 

further hUing this is transformed into a yellow msolub e matenal. 
B H on heating gives a yellow insoluble hydride, together with a 
colourless solid hydride which is soluble in carbon disulphide and 
wtlf has a llecular .-eight of about 140 ( = Spontaneous 

decomposition of BeH., at room temperature gives 

line hydride wh^ch, from 

:hip“ viniot hydrides, and it is evident that 

Boron /Mrides.-Certain reactions are 

eomron to alUhe Jon hydrides. Thus f “'^rane s 

boron and hydrogen at a red heat and the ^ ^ 

used Fepare pure ,,„o„ tHo.vide and 

Tt^r mr: T e^udere o'} the higher hydrides .^e 

1 ' n »vio1Ja \11 arc hvdroly^^cd by B 2 H 0 

spontaneously inflanimabK and B^H,, 

very rapidly (B^He + J 3 ^3^ 

moderately rapidly and re-Awy for all and is con- 

Hydrolysis with each boron-hydrogen bond 

ven ent as an analj^ical mcthou, since e All /f tlio hvdridos 

in the molecule yields one molecule of 

react w.th the i„ pre,sence of the correspond- 

D.borane reacts a h halos n h „„ted pro.luct (e.,. 

^Tlnrhydrog:;. T^e^ot hy.lrides wonld prohahly react 

similarly. nn* formed in its reaction with 

Methyl l" /.evemihlc. Other boron alkyls react with 

diborane boron hydrides, nor have the 

preparing alkyl “^pouihs been investigated, 

reactions wjth th„ products are CH 3 .BH,.BH 3 , 

cw MUJiara™- “ 

methyl derivative is treated ‘ 

2CIRBH,.BH3 + 2(CH3).0 - 2(CH3).O.BH3 d- CH3BH,.Bn,CIl3 
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The remarkable fact that not more than four hydrogen atoms in 
diborane can be replaced by alkyl groups without rupture of the 
B — B bond and formation of the boron trialkyl is a strong argument 
for the bridge structure of diborane and is discussed later. 

Reaction of Diborane with Ammonia . — The ammoniate of diborane * 
B2H8.2NH3, which is best formed when the two substances react 
at — 120®, is a white solid which gives a conducting solution in 
liquid ammonia. ^Vhen this solution is allowed to react with 
sodium at — 77®, one g. mol. reacts with one equivalent of sodium 
and liberates one equivalent of hydrogen. The product is the salt 
NaBgHgNHg. This is taken as evidence that the compound formed 
from ammonia and diborane contains one NH4 ion per molecule 
and the formula is now written as NH4+{H3B.NH8.BH3)". 

The ammoniates of B^H^, and B5H9 lose hydrogen when 

heated in vacuum at 200® and borazole, BaNgHg (b.p. 55®), is formed. 
The same compound is obtained when diborane and ammonia are 
heated together. It is remarkably stable and has been shown by 
electron diffraction measurements to have the cyclic structure (I). 

H H Cl a 


i \ / I 

/N /N 

TTN >rTT TT TJ MTT IJM XTTT 



Borazole reacts in the cold with three molecular proportions of 
HCl, HBr, H2O or CH3OH as if it were unsaturated, and gives 
addition products of which the chloride (II) is typical. WTien the 
chloride is heated it loses hydrogen and forms the compound (III).*® 
Methyl-substituted diboranes {vide supra) also form diammoniates 
which, when heated to 180-200®, give aminodimethyl borine 
(B(NH2)(CH3)2), B3N3H4, and the three methyl-substituted bora- 
zoles, CH3B3N3H5, (CH3)2B3N3H4 and (CH3)3B3N3H3. In these the 
methyl groups are attached to boron. They may also be formed 
by heating methyl boranes with ammonia. Borazoles with methyl 
groups attached to nitrogen atoms are formed when B2H3, NH3 
and CH3NH3 are heated to 200®. Phosphine and diborane react 
to form the compound B2H3.2PH3J but there is as yet no evidence 
that this giv'cs a phosphorus analogue of borazole on heating. 

Derivatives of the Borine Radical . — The density of diborane gives 

Stock, Wiberg and Martini, Ber., 1930, 63, 2927 ; Wiberg and Bolz, 
Ber., 1940, 73 , 209. 
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no indication of its dissociation into BH, radicals, 

nevertheless, form derivatives of this radical in ^ ^ 

reactions With trimethylamine, for example, the stable 
reactions, ^n-u ^ -Nr/rTT l d 171 ) is formed, m 

ordination compound H3B ^ . * similar 

Diborane also reacts with carbon monoxide forming bonne carbonyl 
(b.p.-64») B^He + 2CO ^ 2BH3CO 

This is largely dissociated at 100“ and reacts with trimethylamine 

tion product f derivftive's of the borfne radical 

am alsTlLoL' Thus in the reaction with acetaldehyde, diethyoxy- 

borine is formed. 

4CH3CHO + BoH* = 2BH(0C2H6)2 

A further example is afforded by N-dimethyl amino bonne 
^f'H 1 NBH, which is obtained in the reaction of diborane wit 

bo^ iSi^s t n:::^:: 

'T;cLr'?V;Z:‘,: ryS.-Tlrr:n hydrides are all 
for example, there arc on y t 

“gen ’atls^ut fou^en are needed to satisfy the valency 
“irrnl^rnet Wd\rt dTbora™ has a structure of the 

and not the ethanc-like structure (11). 

H H H H H 

bC, H-B-B-H 

l/ H 

(I) 
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B — B bond. Any attempt to introduce more than four methyJ 
groups into tbe diborane molecule leads to boron trimethyl. Two 
hydrogen atoms are clearly different from the rest and are concerned 
with holding the molecule together. 

Electron diffraction measurements on diborane were originally 
interpreted in terms of an ethane-like structure, but are equally 
consistent with a bridge structure having the dimensions sho-wn 
above. Studies of the Raman spectrum of liquid diborane and 
of the infra-red spectrum of the gas also support the bridge 
structure. Major differences would be expected in the spectra of 
structures (I) and (II), and the observed results can only be accoimted 
for by a bridge structure which, from the point of view of its charac- 
teristic frequencies, has much in common with ethylene. Low 
temperature specific heat measurements also indicate hindered 
rotation about the B- -B bond. 

The electronic structure of diborane was at one time represented 
either as ionic — ] or by formula? with one-electron 

linkages. Both of these satisfy the difficulties of electron deficiency, 
but the j)hysical properties of diborane are not those of an ionic 
molecule, and the liquid is a non-conductor. The presence of one- 
electron bonds would also lead to paramagnetism, whereas diborane 
is diamagnetic. The bridge structure is one in which resonance 
could occur between the forms (I)-(IV) shown below.^^ 




(I[) (IV) 

An alternative is the protonated double-bond structure (V), first 
snggcst<‘d by Pitzer,-^ in wliich two protons are embed<leil in the 

-• AIul<•r^^on and Burji. J. ('hem. Phys., lt»38, 6, 580. 

-Stitt. J. Chem. Phys., IIUI. 9. 780; Price, ibid., 1947, 15, 014; Bell 
and Lunmirt-Iliggias. Proc. Itoy. .Soc., 1945, 183, A, 357. 

Stitt, J. Chcni. PJii/s., 1940, 8, 9Sl. 

Pur a more detailed discussion, sec Bell and Eiueleiis, Quart. liev. Ciicin. 
•SW.. 194S. 2, 132. 

2!^ J. Amer. Chem. iioc., 1945, 67, 1120. Sec aho Wiberg, FLAT Review 
of tJenuau Science, Inorganic Chemistry, Part I, 1948, p. 127. 
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;t-electrons of the double bond, which are spread out at right angles 
flip nlane of the rest of the molecule. 

“m. .1 .h. bo... 

.fMi.? .b. ...bj bjxs 

suggested formul® for all the h^iae ^ radicals such as 

BH 3 “BH^/BH?and BH^BH.BH,, but these are purely speculative. 



...o 





Recent X-ray determinations of the structures of single crystals 
nf H H and 15, give the first direct information on the molecules 

c 1 (thor hvdrides The boron atoms in pentaborane form 
of the f tHe base of which are four hydrogen 

^totTS two atoms of boron. The re.naining live 

tu rns of hydro-en are joined to single boron atoms, as shown 

ahove The bormi atoms in decaborane form two regular pentagonal 
above, the norm common. Ten hydrogen atoms arc 

pyranuds bwth an , 

attached t ^ ^ positions of the 

portant determined from the electron density maps. 

KXrubtTess be e.xtended to the other hydrides. One may 
rt moreover that structural determinations by means of 
expect, n farther confirmation of the mole- 

neutron "“i,'' C„d 3 are now being developed whereby 

thi“diffrS“ora neutron beam may be made to yield information 
the ^^ters and the method has the advantage that 

ir erbler thrSLn -of Ught atoms such as hydrogen and 

..a Uulmage and Bd>.co;nb, d. ’ 

Lucht and Harker, Ac4a Cryst., I960, 3, 43G. 
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deuterium to be found with greater certainty than in the approach 
based on X-ray or electron diffraction. The results of electron 
di&action studies with pentaborane are stated to be consistent 
with the above structure. 


The Borohydrides. 


A number of compoimds are now known which contain the BH4 
group attached to a metal. The borohydrides so far prepared 
include the Li, K, Na, Be, Ca, Mg, Al, Ga, Ti, Zr, HT, Th and U 
compoimds. The first to be isolated was aluminium borohydride, 
AJ(BH4)3, which is formed by the reaction of aluminium methyl 
with diborane at 80 ® and is spontaneously inflammable. 

A1(CH3)3 + 2B3H3 == A1(BH4)3 + B(CH3)3 
The borohydrides fall into two fairly distinct groups, some being 
ionic and some covalent in character. The following are examples : 


Ionic 

borohydrides 

LiBHj 

NaBH^ 

KBH, 

Th(BH4h 


Cwaltni 

bOTOhydridta 

A1(BH4)3 

Ti(BH4)3 

U(BH4)4 


The reaction of a metal alkyl with diborane is a general preparative 
method. Under suitable conditions borohydrides are also formed 
in the reaction between diborane and a metal hydride, e.g. 

2 LiH + B3H4 = 2 LiBH 4 

The borohydrides of lithium and of sodium have respectively 
orthorhombic and face-centred cubic lattices in which the {BH4)“ 
ion occurs as a unit. The lithium compound is stable in dry air 
but is rapidly hydrolysed by cold water. The sodium compound 
may be recrystallized from cold water, and can form a dihydrate. 
It is, however, decomposed by hot water. It is insoluble in ether 
and dioxane, but can be used as a reducing agent in aqueous solution, 
e.g. for sugars, for which lithium aluminium hydride is unsuitable. 
Sodium borohydride is a milder reducing agent than the lithium 
compound. 

The compounds which Stock obtained by the reaction of sodium 
and potassium amalgams with diborane, and to which he ascribed 
the formula) NajBgHg and K2B3H4, have recently been shown to 
have X-ray patterns identical with NaBH4 and KBH4.®’ It is 
very probable, therefore, that the earlier work was in error. 

The covalent borohydrides probably contain hydrogen bridges. 


Sohlesinger, Sanderson and Burg, J. Amer. Chem. Soc., 1939, 61. 636. 
Kasper, McCarty and Newkirk, ibid., 1949, 71, 2583. 



HYDROGEN AND THE HYDRIDES 281 

In beryllium borohydride, for example, it is thought that resonance 
occurs between covalent and ionic structures such as 


H H H H 

^H^ ^H 


H H 
B 

H^^H 


H 


H 


-»' + 
Be 


^ ¥ 

B 


H 


H 


The variation in ionic character among these compounds may then 
be explained by a greater or less contribution to the resonance b> 

the ionic form. 

Hydrides of Aluminium, Gallium and Indium. 

The electron deficiency which occurs in the boron hydrides should 

be found In hydrides of other Group IILv elements and this lends 

a special interest to these compounds. Aluminium . J' 

is known only as a non-volatile solid polymer, or in ether solution^ 
It is formed Uen lithmm hydride reacts with an other solution of 

aluminium chloride : 

3 LiH + AICI 3 = AIH 3 + 3LiCl 

The aluminium hydride formed remains in solution initially, but 
uradually a white solid (AlH,)^ is deposited, from which ether cannot 
hi removed completely without decomposition. A solid 
of the same composition has also been deseribed by Steelier and 
Wibers =“ When aluminium trimethyl mixed with a large cxce.ss 
of hydrogen is passed through a glow discharge, the products iiiclud. 

f^ 3 ) . The hydrides (AlH,), formed by these two '"ethod. arc 
pTobably identical. The compound is 

above which temperature decomposition to Al and occurs. 1 ii - 
hvdride reacts with diboranc to form AUBHjla. and probably also 
Am/BH ^ and AIH,(BH 4 ). The structure of the solid aluminium 
wSs ifvm b^^^ iUs likely that it contains aluminium atoms 

hydrides, is formed in the reaction between lithium hyilridc an 1 
aluminium chloride in ether solution. 

4 LiH -f AIOI 3 = LiAlH^ + 3LiCl 

It is a white solid, which is readily hydrolysed by water with 
1 nf Ilvdrocen It is moderately soluble m etln i 

(29 g /lOO g ) and in this medium has proved a most valuable 

“ Finholt, Bond and Schlcaingcr. J. A,ncr. Chem. Sac.. 1047, 69, 1100, 
*• Ber., 1942, 75 , 2003. 
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reducing agent, 
compounds are : 

SiCU ^ 
SnCU^ 
SnMcjCU ^ 
ZnMe^ — ) 
BCl,^ 


Typical reactions with inorganic and organic 


SiH* 

SnH4 

SnMegHa 

ZuHn + LL^lMcgHg 


BA 


Adehydes^ 

Ketones I 

Esters | 

Acids J 

Nitriles — >■ amines 


Alcohols 


The great advantage of lithium aluminium hydride as a reducing 
agent for organic compounds is that it does not reduce olefinic 
double bonds unless they are substituted on the one side by a phenyl 
group and on the other by a reducible group (e.g. — C=0, — NOg). 

Other compounds of this tj'pe (e.g. NaAlHi, Ca(AlH 4 )g, Ti(AlH 4 ) 4 , 
Sn(AH 4 ) 4 , In(AlH 4 ) 3 , T 1 CI(A 1 H 4 ) 2 ) may also be prepared. They are 
not all stable, however, and the tin compound, for example, decom- 
poses above — 40® into aluminium hydride, tin hydride, and the 
decomposition products of the latter. The titanium compound 
likewise decomposes at room temperature to titanium, aluminium 
and hydrogen : it is formed, like the tin compound, by reaction of 
the metal halide with lithium aluminium hydride in ether solution.®®* 
It has also been shown that aluminium hydride readily forms a 
liciuid comi)ouiul AH 3 .ACI 3 with aluminium chloride. This has 
a reactivity similar to that of LiAH 4 , but has the advantage in the 
preparation from metal halides of hydrides which are insoluble in 
ether that the product is not contaminated with lithium salts. 

Gallium forms a well-defined hydride, Gallium tri- 

methyl and hydrogeu are passed through an electric discharge and 
yield a mixture of solid and liquid products from which tetramethyl- 
digallane, Gag{C’Ha) jHg, may be isolated. This reacts quantitatively 
with trietliylamine according to the equation 

SGagfCIIa),!!, + 4N{CaHa)3 = 4Ga(CH3)3.N(CgH6)3 -f GagHg 

The hydride has an extrapolated boiling-point of 139®, but 
<lecom])oses above 130® into gallium and hydrogen. There can be 
little <U)ul)t that the structure is analogous to that of diborane 
and that many of its reactions will prove to be similar. Galhum 
also forms conq^ounds analogous to lithium almniniuin hydride 
(r..g. EiCJallj. T^Galljla).^®" The reaction of indium tricHoride 
with lithium aluminium hydride in ether solution at — 70® yields 
the uiLstable compound ln(AlH 4 ) 3 , or, with a deficit of the lithium 
salt. IiiCl 2 (-\JH 4 ). When this reaction is carried out at room 


Wiberj; uiul Itauer, Z. Xaliirforsrfig., 1951, 66, 392. 

WilxTg and Us*'in, ibitL, lUal, 31)2. 

W’iborg and Schmidt, ibid., 11)51, 66, 333. 

WihcTg and Juliaujisen, Angew. CAem,, 1942, 55t 38. 

Wiberg and Schmidt, ibid., 1951, 66, 171, 335; see also ref. 28# 
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temperature a white solid is precipitated which is probably poly- 
merized 

Hydrides of SUicon. Germanium, Tin and Lead. 

Silicon resembles carbon in forming a series of J^latile 
known as the silanes, corresponding to the ^tmated 
thoueb it does not give volatile unsaturated hydrides. The formula 
and bol^g-points^are tabulated below (Table 9). together with 

data for the hydrocarbons. 

Table 9 


Hydride 


SiH^ 

Si,H, 

SiaH* 

Si4Hio 

SiaH.a, SiaH,* 


b.p. 

- lll-O'* 

- u-s* 

52-9'=' 

109* 

> 100 * 


Hydrocarbon 

CH* 

CaHa 

CaHa 

71C4H10 


b.p. 

lCl-3* 

88-7* 

44-5* 

0 - 6 * 


No ^ sJ'h 3oubte°dly 

^IraTomplTte leparko^ has not yet been effected with the small 

“T mUtl"! Xon'hydrides is formed by the a^n of 
20 per cent hydrochloric acid to magncsmnr sihc.de (S^S.), the 
routfh nroportious being: SiH*. 40; Si^He. 30, biaHg, 10 > 
S^H 10 higher hydrides. 5 per cent. They are separated 

Ld characterized in the same type of apparatus as is "sed n 
1 , +h« boron hydrides. An alternative method is to add 

pmUered magnesimn silicide to a solution of ““'“onium bromide 

fn liquid ammonia, which funct.o^ as an acid p. o06) By 1 

‘e^u^^rr i^r^;Snf i^:f^;.^:ri^;minium 

‘‘^There is no reason to doubt that the structures of the silicon 

aU 2 detmpo^cd by dilute alkah with evolution of hydrogen and 

formation of a silicate • 

Silli b 2NuOH + HgO = NagSiOj b 4 Ha 

All are readily oxidized, monosilane igniting in oxygen at lOU" and 
iVhcr members of the series becoming progressively more 

Wiberg and Schmidt, ibid., 1961, 66, 172. 
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inflammable- These ignition temperatures are much lower than 
those of the hydrocarbons. The thermal stability is also less and 
decreases with increasing molecular weight. All the hydrides are 
decomposed to silicon and hydrogen at ca. 500®, but at intermediate 
temperatures a process analogous to the cracking of hydrocarbons 
occurs, which may be represented by equations such as 

SisHia = 2(SiH), + Si^He + SiH^ 

The hydrides are all strong reducing agents. They react explosively 
with chlorine or bromine at room temperature ; the mono- and 
di-halogenated silanes are best prepared by the reaction of the 
hydrogen halide with the hydride at 100°, using the corresponding 
aluminium halide as a catalyst. Thus : 

All, 

SiH4 -f HI ^ SiHgl 4- 
SiHgl -4- HI SiH^Ia 

Very little of the trihalogenated product is formed in this reaction. 
Silicochloroforin, SiHClj, is, however, readily obtained by the action 
of hydrogen chloride on powdered silicon at 350°. The mixture of 
silicon tetrachloride and silicochloroform produced can be separated 
by distillation through an efficient fractionating column. 

Zinc methyl reacts at low pressures with SiHsCl and SiH^Cla, 
forming the mixed hydrides SiH3(CH3) and SiH2(CH3)2. On hydro- 
lysis of these with alkali only the radical containing silicon is 
attacked. The compound SiHgCl also reacts with water, forming 
the silicon analogue of dimethyl ether, 

2SiH3Cl H- HgO = (SiH3)20 + 2HCI 

The reaction product from ammonia and excess of SiHgCl is 
N(SiH3)3, the silicon analogue of trimethylamine, which reacts with 
HCl, forming SiHgCl. It has no basic properties. 

N(SiH3)3 4- 4HC1 = SSiHsCl 4- NH4CI 

The corresponding reaction with methylamine gives NCH3(SiH3)2. 
which is similarly decomposed by hydrogen chloride. Dimethyl- 
amine gives N(GH3)2SiH3, which forms an unstable quaternary salt, 
while trimethylamine forms the stable solid quaternary compoimd 
N(CH3)3SiH3Cl, which is a useful silylating reagent,®^ reacting with 
alcohols to form silyl alkyl ethers, e.g. 

NCCUalgSiHaCl + C 2 H 5 OH = SiHaOCsHg 4- N(CH3)3HC1 

Recently Burg and his co-workers have shown that trisilylamine 
has some of the co-ordinating properties of trimethylamine. Thus, 
for example, with boron trichloride the compoimd (SiH3)3NBGl3 is 

Emeleus and Miller. 1939, 819- 

•* Burg and Kuljian, J. Amer. Chem. Soc., 1950, 72 , 3103. 
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formed initially, but loses SiH 3 Cl at - 80“ to give (SiHJ^NBCU- 
Trisilvlamine and inonobromo diborane gave (SiHahlNHHer wHicti 
reacted further to form (SiH3)3NB3H3. These and other sim. ar 
preparations indicate that this field may be capable of considerablo 
further development. Another related compound which merits 

further study is ((C 3 H 3 ) 3 Si) 3 NK, formed by the 
(C.HsljSiH and potassamide m liquid ammonia. There is also 
Lme indication that the silyl radical may form the analogues of 
organometalbc compounds (e.g. SiHjZnl), though this possibility 

has not yet been fully explored. 3* . , -ii « 

Decomposition of monosilane m an electric discharge fields a 
Rolid residue varying in composition between biHi.g and CMirli.i. a 
sfolfiar impound is formed when monosilane is decomposed m 
presence of Lrcury by irradiation with mercury resonance radia- 
Ln These compounds are not volatile or soluble in non-reactuc 
solvents and their molecular weights cannot therefore be detci 
mined ’ They dissolve in alkali with evolution of hydrogen. W hen 
calcium monosilicide (CaSi) is treated with 

with hydrogen chloride, or with glacial acetic acid a ' 

amorphous solid with the empirical formula (SiH^) is formed 

T^s ^taneously inflammable It ->n^al 

acids with evolution of hydrogen (SiHj + 2 H 2 O - biU^ + •HIp)- 

A noteworthy feature of this hydrolysis is that no silicon h>diides 

L foriLd whereas decomposition of the corresponding germanium 

a' f’l.H (vide infra) yields germanous chloride, h>drog(:n 
compounds, Geliz {viae ^nJ^a), b ^ . niulfreoes 

and a mixture of hydrides. On heating (SiH 2 )^at 380 it umUrgoe.s 

cracking with production of a range of saturated silicon 

'.Sfforinatiou and in tbe inetbod.s of prepamfion. 
The known volatile compounds are ; 


Hydride 

GcH4 
GcjHq 
GcjHg 


m.p. 

- 165® 

- 109® 

- 105-6® 


b.p. 
— 00 ® 
20 ® 
110 5® 


Dennis Corey and Moore first prepared a mixture of these 
Dennis, Corey hydrochloric acid on magnesium 

hydrides jy separation is carried out by the technique 

‘""'Tr the des of and silicon. Monogermane has also 

Wn preparedly dtomposing niagne.sium gerinanide with a .solution 

^ ^ •„rr» hroiiiide in liquid ammonia, but the simplest method 

“s “ral: etltllsZtion of gernianiuni tetrachloride with 

»Krau« and Nelson, d Amer 

» Eineleus. Maddock and Reid.J.C.i.. 1J41. J5J. 

96 y. Ar/ur. Chetn. Soc., 1024, 46 , 0o7. 
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litMum aluminium hydride. The poljTuerized hydride (GeHa)^, an 
amorphous yellow solid, is formed by decomposing calcium mono- 
germanide with acids, 

CaGe -f- 2HC1 = CaCla + GeHa 

The tliree germanium hydrides decompose thermally at lower 
temperatures than do the silicon hydrides. They are less inflam- 
mable, though the ease of oxidation increases from monogermane 
to trigermane. They are unattacked by water and monogermane 
is not decomposed by 33 per cent alkali. This is a striking point 
of diff’erence between monosilane and its germanium analogue. 
Digermane, however, does evolve hydrogen when treated with alkali. 

Numerous halogenated derivatives of monogermane have been 
prepared. One of the most interesting of these, germanochloroform, 
GeHCIa, is a colourless liquid formed by the action of hydrogen 
chloride on germanous chloride at 40°,^® the latter being prepared 
by circulating germanium tetrachloride over germanium at 350®.®'^ 

Structurally the germanium hydrides do not present any point 
of special interest : they are almost certainly analogous to the 
silictju hydrides. The compound (GeHgh is, however, interesting 
because of the well-defined divalent state of germanium. There is 
no evidence for its existence in a monomeric form and it has been 
suggested that the solid hydride is a chain-hke polymer. It de- 
comj)oses thermally at 120-220® into a mixture of H 2 , GeH 4 , 
GeoHg and GcaHg.®® With bromine, germanium tetrabroinide and 
hydrogen bromide are produced, while ^vith aqueous sodium 
hydroxide monogermane and hvdrogen are evolved and the solution 
is found to contain sodium germanite, Na2Ge02. In the dry state 
(GcHjlj. reacts explosively with oxygen. 

Tin Hydride. This interesting compound is a gas boiling at 
— 52®. Analysis and molecular weight determinations show it to 
have the formula SnH^. It was first prepared by Paneth and his 
co-worker.s by decomposing a tin-magnesium alloy with dilute 
acids, by reducing tin dissolved in dilute sulphuric acid by the 
addition of magnesium powder or by the cathodic reduction of tin 
solutions with pure lead electrodes. All of these methods give poor 
yields, and the reduction of stannic chloride by lithium aluminium 
iiytliide is probably the best method of preparing the hydride in 
quantity. 

Deuixis, Orndorfi' and Taberii, J. Physical Chem., 1926, 30, 1049. 

Dcimia and Hunter, J. Amcr. Chem. Soc., 1929, 51, 1151. 

Koven and Schwarz. Z. auorg. Chem., 1933, 215, 295. 

1919, 52, 2U20; 1922, 65. 769. 

Finholt, Bond, WUzbach and Schlcsinger, J. Arner. Chem, Soc., 1947, 
69, 2692. 
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Tin hj'dride, or monostannane as it is sometimes called, decom- 
poses slowly at room temperature into tin and hydrogen. Recoin- 
position is rapid at 150°. There is no evidence that higher hydrides 
Le formed. It is unattacked by 15 per cent caustic soda and is 
also without action on solutions of copper sulphate or ferric chloride. 

It is. however, completely absorbed by solutions of sUver nitrate 

Lead Hydride.— The formation of a volatile hydride of lead v as 
first repo4d by Paneth and Norring.“ It was shown that the 
hydrogL formed when a magnesium lead alloy contaimng radio^ 
active lead (ThB) was dissolved m hydrochloric acid carried wit 
it a verT Brnall quantity of a volatile lead compound, winch wa 
detected^ by the radioactivity of the lead isotope mixed ^ith the 
fna^tte bad in the alloy.^ Later - electrolyte me hod 
developed which gave improved, though ver> small >ields. 1 
hydride could be condensed out in liquid air 

also eave visible deposits of lead when passed through a hot tube. 
T^ ®compord dec'limposed at room temperature and was no 
analysed ^ characterized by physicochemical measuieinents. 

of lead tetrachloride with lithium aluminium hydride. 

Hydrides of Group V. 

The volatile hydrides formed by the elements of Group V are for 

.h. p„. kj..™ 

N,H. NpH., NH 3 , N.H.. and N 3 H 3 
The first of these hydrazoic acid, is an acidic substance, while 
NH^LnH me ammonium azide and hydrazimum azide 
N 4 H 4 and Nt s hydrides. The chemical reactions of 

respectively, ai^d iot^true y^^ properties of liqmd 

“onia Bohtions are -iew.d in Chapter XVII. whemi^t .shown 

Ind NH “Thn’i^ Irt 'equilibrium with neutral a.nmonia and 
rie\Tmoniumion(^.H3^^ 

“Bcr.. 1920, 53. 1693; Z, EUktrocMm., 1920. 26, 452. 



288 MODERN ASPECTS OF INORGANIC CHEMISTRY 

noted in passing that certain derivatives such as the partially 
halogciiated phosphines have not yet been prepared. It is only 
recently, however, that the physical properties of P2H4 have been 
investigated with carefully purified material.'*® 

The existence of solid hydrides of phosphorus appears to be very 
uncertain in view of recent investigations. It was formerly believed 
that an iasoluble yellow hydride of the formula {P2H)i was formed 
in the decomposition of metal phosphides by water and in other 
reactions which yield phosphine, as well as in the decomposition 
of P2H4. The molecular weight of this hydride was deduced from 
the lowering of the freezing-point of yellow phosphorus, and corre- 
sponded to the formula PioHe- The hydride was dissociated by 
heat into yellow phosphorus and phosphine, it ignited in air at about 
120®, and %vas soluble in alcoholic alkalis, forming a red solution. 
From the latter fact it was supposed that at least one hydrogen 
atom in the molecule was acidic. 

The formation of solid hydrides was questioned by Royeu and 
Hill,*® who fiml that the yellow solid formed in the decomposition 
of Pelli is variable in composition, and amorphous when examined 
by means of X-ravs. It evolves phosphine on heating, but no 
livdrogen is fi)rmeil until the decf)mposition temperature of phos- 
phine itself is reached. The solid hydride is regarded by these 
authors as an adsorption complex of jdiosphine on a yellow amor- 
phous form of |)hosphorus, the ilissolution of the solid in alcoholic 
alkali being attrii)uted to peptization. It was considered, more- 
over, that the methyl and phenyl ilerivatives of Pi2llg wliich had 
l)een descril)ed were not compounds, but adsorbates of methyl and 
plumyl [)hosphine on yellow am(»r]>hous phosphorus. It may be 
added in this connexion, that although Roycn and Hill’s conclu- 
sions are fairly couvincing they may not apply to all the pos- 
sible metliods of preparing the solid ‘ hydride 

Ar.icnic, A»ti/noni/ and liismuth Hydrides. — The volatile hydrides 
of ar-senic and antimony mnsl no «le.scription here as both are very 
W( M known. The h\alride t)f bismuth would be expected from the 
It ion of the elenauit in the Periodic Table to be very unstable 
a., i to be iletectable onlv with dillicultv. Its formation was first 
j)i /ed l)V I’aneth bv making u.^^e of the radioactive indicator 
nil t hod. ** .\n alloy of magnesium and thorium-C, which is a radio- 

active isotope of iusinuth, was dis.solved in <lilute hydrochloric acid, 
and it was found that the hydrogen given off was mixed with a 
condensible gas which had the railioactive characteristics of 

Roven and Hill, 7j. anorg. ('/lem,, 193G, 229, 97. 

« Ibid.. 193U. 229, 369 ; 193S. 235, 324. 

** Ber., 1918, 51, 1704; Z. Elektrochtm., 1918, 24, 298. 
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thorium-C. Later the hydride was formed by dissolving a magne- 
sium-bismuth alloy in acid, and was shown to be a volatile substance 
which was decomposed rapidly at temperatures above 150 ®, gi\nng 
a deposit of bismuth. This compound has not been prepared in 
sufficient quantities for an investigation of its physical properties 
to be carried out, but the boiling-point has been estimated by 
extrapolation from values for the other hydrides of the series 

as 4- 22®.*® 

The formation of a solid arsenic hydride of the formula (As2H2)j. 
has been known since the time of Davy. Weeks and Druce *« pre- 
pared this substance in good yield by adding a solution of arsenic 
trichloride in hydrochloric acid to an ethereal solution of stannous 

chloride, , .r, 

2 ASCI 3 + 4SnCl2 -f 2HC1 = AS 2 H 2 -f- tSuCU 

The hydride is precipitated as a brown amorphous powder. Mon- 
tignie *’ has studied some of the reactions of A-SaHa, finding it to 
be insoluble in cold water but decomposed by boiling water ivith 
liberation of hydrogen (As.Ha f 3H2O = 411 ^). It under- 

goes slow spontaneous decomposition at room temperature into 
arsenic and hydrogen and has strong reducing properties. Ihe 
reaction with hot sodium takes place according to the equation 

AS2H.2 -i- 6Na = 2AsNa3 + II2 

In spite of this seemingly definite chemical evidence, there is still 
som^ doubt as to the nature of the compound Its structure and 
molecular weight are completely unknown The same is true of 
a second solid hydride which is said to be formed m the oxidation 
of arsine with a solution of stannic ehloride m hydrochloric acid 

(4ASH3 + SSnCI* = AS4H2 -f- lOHCl -b SSnCL). 

Hydrides of Group VI. 

Sulphur Hydrides.-ln addition to the famihar f f ' 

sulphur forms the compounds H.S., 1 -4 ff 

All are obtained by decomposing polysulphides with ac ds. It a 

solution of sodium polysulpliide is prepared by the “^mn of 
sulphur to a solution of sodium sulphide, and then 
hytochloric acid cooled to - 10°. a yellow oil separates. It ean 

be separa^d dried 

raTu’JutoomfoCiii hfve’ been isola^d in a pure state from this 

« Paneth liadio Elements as Indicators. Cornell Umvers^y 1928. 

^ 1924. 129. 31 ; /;«. *r«.. C/n..., l«2o. 44 . 970. 

« BuU. 8oc. Chim., 1935. 2. 10^. 

•• Moser and Brukl. Manatsk., 1924, 45 , 25. 
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source by special distillation procedures.” The compound H 2 S 5 
has also been obtained by decomposing ammonium pentasulphide 
with anhydrous formic acid. 

The polysulphides of hydrogen are all rather unstable yellow 
liquids which decompose readily into hydrogen sulphide and sulphur. 
The decomposition is catalysed by a trace of alkali. Stable solu- 
tions are formed in solvents such as benzene, chloroform, carbon 
disulphide and ether and the molecular weights may thus be verified 
by cryoscopic measurements. All of the hydrogen polysulphides 
are able to dissolve sulphur. Definite crystalline addition com- 
pounds are formed with certain organic substances. Among these 
are the compounds with brucine (C 21 H 22 N 2 O 2 , HaSa), strychmne 
(CoaHsoNsOj. beuzaldehyde (CgHsCHO, H 2 S 3 ) and benzo- 

quinone (CoHjOj, HaSg). 

The structure of the polysulphides has not yet been fully eluci- 
dated, but there is a good deal of evidence that they contain a 
chain of linked sulphur atoms with terminal hydrogen atoms which 
arc acidic. The crystalline compound BaSg has been shown by 
X-ray analysis to contain the ion (S — S — the valency angle 

of which is 103°. Electron diffraction and Raman spectrum 
measurements have established the structural resemblance between 
HoSa Evidence obtained with organic polysulphidM 

also shows that "for the types RaSg and R 2 S 3 {where R is an organic 
radical) there is a chain of sulphur atoms. It is not yet clear, how- 
ever, if the S 4 , S 5 and groups form branched or unbranched chains. 


Selenium and Tellurium Hydrides. 

Selenium and tellurium both differ from sulphur in that up to 
the ])resent onlv one hydride has been prepared from each element. 
'I'he hydride Il^Se was discovered in 1817, and is a gas which boils 
jit — 41-2°, and wliich may conveniently be prepared by decompos- 
ing aluminium selenide with water. Hydrogen and selenium react 
iit temperatun’s above 250°, with formation of a certain amoimt 
of livdn)gen .seli'uide. It differs from hydrogen sulphide in being 
ilccomposed readily by moist o.vygen with j)recipitatioii of selenium 
and formation of water. It reacts either with selenium dioxide or 
with .sulphur dio.xide thus : 

2IU8e f SeO.2 = 2\%0 -r 38e 
211180 -r 8 O 2 = ‘2H..0 r S -r 28e 

ll\(liog* ii selenide in acjueous solution is more strongly acidic than 
is hydrogen sulpliide. It reacts with metal salts in solution and 

Fohor and BandliT, Z. Eltkirochcin., U)4l, 47, S44 ; Z. anorg. Chem., 
l‘J47, 253, 170; 254, 170, 289. 
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precipitates selenides, but these are generally contaniuiated with 
free selenium. Although hydrogen polyselenides are unlmown, 
metallic polyselenides of the type M-lSe, are toowu m winch x 
can have values up to 5, and stable orgamc derivatives such as 

benzyl diselenide have also been prepared. 

Hydrogen teUuride, H,Te, is a gas boihng at - 0-6 . and is 

less Lable than the selenide, being endothermic to ^ 

- 35 000 g. cal., whereas hydrogen selenide is considerably less 
so (circa - 18 000 g. cal). The hydride is decomposed immedi- 
ately W moist air. with deposition of tellurium. It is also very 
sensitive towards the halogens the correspondmg ^ahde 

being formed on mizing it with chlorme, 
instability of the substance is also apparent from ^ 
reduce ferric salts to the ferrous state or mercuric salts to mercurous 

salts, with precipitation of elementary tellurium. 

Polonium Hydride. 

The formation of a hydride of polonium would be expected from 
its tion in the Periodic Table, and has actually been observed 
bv usinTthe radioactivity of polonium itself as an indicator fo 
X* ^ xi of a volatile compound. It is formed 

toil, tolioneu y evolved when the metal was dissolv- 

this 8 radioactive component could, however, 

mg was radioactive. ^‘“' 7' ’ _ go”, and was ro- 

be frozen out <7>>7 ^erature once more. The quantities 

:^tCh;d.“to^~ --ll, being of the order of lO- 

to 10-1« nram and the formula has not been determined. It 
would be^expe’eted, however, from the position of polonium m 

the Pei’iodic Table, to be 1 ol j. 

Interstitial Hydrides. 

A 1 frnn^^tion inctuls posscss the remarkable property 

oftb-s^nl rlatively large a— 

moderate ‘f [ .‘j ^^,„pounds such as borides, carbides 

are related to other of the parent metal may 

and nitrides in ^/ Tt ir however, expanded in order to accom- 

undergo no established both by X-ray and 

modatc the hydrogen. 1 Ms can ue e_^^ hydrogen is reversible 

density removed by pumping at a sufficiently 

and It can in e ^ , like the other elements winch form 

s . ", .«.» •». <■ - o» «. 
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The adsorption of hydrogen by palladium is the most famiUar 
example of this phenomenon. One volume of the metal will absorb 
up to 900 volumes of hydrogen. More is taken up by finely divided 
than by massive metal, and the amount at saturation decreases with 
increasing temperature. The lattice of the metal is expanded and 
the conductivity falls, though the characteristics of metallic con- 
duction are retained. Hydrogen discharged electrolytically at 
a palladium cathode is also absorbed and the metal charged 
with hydrogen in this way has strong reducing properties. It 
will, for example, precipitate metallic mercury from a solution 
of mercuric chloride and will reduce ferric salts to the ferrous 
state. 

Considering other cases, thorium begins to absorb hydrogen at 
400®, giving a product approximating to the composition ThHj 
when cooled from a high temperature in an atmosphere of the gas.®® 

The behaviour of zirconium is ver>' similar, while titanium and 
tantalum have given products with the formul® TiHi .73 and 
TaH„. 7 Q, respectively.®^ These are black powders which are stable 
in air. Metiiilic vanadium ab.sorbs hydrogen at room temperature, 
the formula of the product, which is readily oxidized in air, approxi- 
mating to VH„.c.®- Cerium, lanthanum and praseodymium also 
absorb hydrogen when heated. Tlie formulae of the products 
approximate to CelL-s. PrlL.; and LaH 2 . 8 , although here again it 
must be pointed out that the amount of hydrogen taken up is a 
function of the experimental conditions, and that these formulae do 
not ncco.s.sarily represent saturation values. 

Sioverts and his co-workers have investigated the heats of 
formation of a number of these hydrides, and have shoNra that 
they are posji.ve and in some oases comparable in magnitude with 
values for salt hkc hydrides. This is illustrated by the data tabu- 
lated below, which refer to the heat evolved in the combination of 
one gram inc)lecule of hydrogen with the metal. The heats of 
formation were measured in some instances by direct determinations 
of the heats of combustion and in others by calorimetric determina- 
tiuics of the lieat of solution of the metal and of its hydride in a 
suital>le aciil. 

The high values for certjiin of the hydrides suggest that there 
can lie little difierence in the type of chemical binding in a substance 
such as lanthanum hydride and in, say, calcium hydride. Typical 
data for siilt-like hydrides are included in the table. 

Sieverts, Gotta and Halborstadt, Z. anorg. Chem., 1030, 187, 155. 

Sioverts and R<wU, Z. anorg. Cfu'm.. 1920, 153, 2S9 ; Sievorts and Gotta, 
ibui., 1930. 187, 155; 1931. 199. 3S4. 

Huber, Kirachfeld and Sioverts, Bcr., 1926, 59, 2801. 
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Table 10 


1 

1 

Hydride 1 

Heat of formation \ 

{g. cal./g- mol. oj H,) 

Hydride 

Heat of formation 
[g, caljg^ moL of H,) 

LaHj.,e . - ' 

• 

PrHj .^5 • • 1 

TiHi *73 

ZrHp^^ 

TaHQ.73 

PdHo-, • • 

40,090 

42,260 1 

39.520 

31,100 

39,900 

Slightly + 

9,280 ; 

i! 

LiH . • • 

NaH . 

CaHj . . • 

SrHj . . - 

BaHg . 

1 

1 

43.200 

33.200 

46,600 

42.200 

40,960 

Density determinations have also been °“h” 

that the Llt-like hydrides are always denser than ‘^e pa ci^ met , 

whereas the interstitial hydrides are less dei^e 

of this noint are given below. In each case the percentage cnange 
in del^y in forming the hydride from the metal is quoted. 

Table 11 

Hydride 

Ad in forming 
hydride (%) 

1 Hydride 

1 

Ad »n forming 
hydride (%) 

1 

TiHi.„ . . 

0cli2»^g 

VHq.jj 

- 15-5 

- 13 2 

- 91 

- 17-5 

- 0-7 

LiH . . • 

NaH • 
i CaHg • 

1 BaHj • 

1 

1 

-h 52-8 
+ 44 

4- 10 
-+- 20 


The re-examination of certam up 

years has shown that both the ra metals 

by a metal and its amount are me example, a stoiebio- 

and pure I'y^rogem In the prepared,'^^- This does not entirely 
metric compound TiHj has bee p 

of current investigations. ;« hoitod to 250-350® 

..LvoL and (Ltta. EUHrocHe... 1920, 3., 102 i Z. aaar,. C„r™.. 

G^bb\^nd Kruschwitz, ./. Soc.. 1950. 72, 6366; Gibb, 

MeSharry and Breydon. ibtd., 19ol, 73, 1761. ^ 
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composition XJH 3 is formed. The reaction, with deuterium is 
similar. Absorption of hydrogen occurs at lower temperatures if 
the hydrogen pressure is increased. At 450° the compound loses 
hydrogen forming uranium metal, which is finely divided and highly 
reactive.®* 

At first sight uranium hydride might be thought to be an inter- 
stitial compound, but X-ray examination of the soHd shows it to 
have a structure which is quite distinct from that of the three 
forms of uranium metal.®® The hydride has a cubic lattice 
(a == 6-631 A for UH 3 ; 6-620 a for UD 3 ) in which the bonding 
between metal atoms is of little importance. The hydride has, 
however, the conducting properties of a metal and it has been 
suggested by Rundle that metal-hydrogen bonds pl^vy important 
role in determining the structure, the hydrogen bridging metal atom 
to metal atom. Rundle has described the structure in terms of 
electron-deficient ‘ half bonds ’ of a type used in interpreting the 
structures of certain interstitial carbides, nitrides and metallic 
oxides.®® This approach explains both the uranium-uranium 
distances in the compound and gives satisfactory positions for the 
correct number of hydrogen atoms.®’ 

Uranium hytlxide is pyrophoric and is also reactive towards a 
number of common reagents. It behaves as a strong reducing 
agent, silver being precipitated from silver nitrate in accordance 
with the equation 

2UH3 12AgN03 + 2 HoO =- 12 Ag 2U0a(N03)3 -i- 8HNO3 + 3H3 

(Jupric sulphate and mercuric chloride were also reduced to metal. 
The hydritle was also found to be a convenient intermediate for 
the preparation of tri- and tetravalcnt uranium compounds. Thus 
wlien HCl was passed over UH 3 at 250-300°, UCI 3 was formed, 
while with Hlf the tetrafluoride UF 4 resulted. 

Other Metallic Hydrides. 

Copper Hydride . — The formation of a hydride of copper of the 
formula CuH has been known for some time. It is prepared by 
the action of sodium hypophosphite on a moderately dilute solution 
of cupric sulphate at 70°. The product obtained if this reaction 
is carried out at ordinary temperhtures is contaminated with 
cuprous oxide and cupric phosphate, but at the higher tempera- 
ture only copper hydride is formed. It is an mistnblc reddish- 
brown solid, the hydrogen content of the dry material beingalways 

Spcddiiig it aL, 2iuclcon\cs, 1940, 4, 17, 43. 

Aimr. Chem. Soc., 1947, 69, 1719. 

Kuiidlc, Acta CrystaUographica, 1948, I, 180. 

also Pauling and Ewing, J. Amer. Chcin. Soc., 1948, 70, 1660. 
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short of the value corresponding to the formula CuH.“ It decom- 
poses into copper and hydrogen when heated in the dry state above 
60'^ takes fire in chlorine, and yields hydrogen when treated with 
dilute hydrochloric acid, although not with water. The heat of 
formation was measured by Sieverts and Gotta by dissolving 
CuH in a solution of cupric chloride m hydrochloric acid, and then 
dissolving copper in the same solvent. The value obtained was 

— 5120 g. cal. per g. mol. . uv u i 

The nature of copper hydride is not yet fuUy established 

Metallic copper has a low adsorptive capacity for hytogen, and 
it is very doubtful if the product prepared as described beai^ any 
relation to adsorption products obtained from the metal Classi- 
fication as a salt-like hydride is scarcely 

negative heat of formation, while X-ray data show a face-centred 
cubic lattice, similar to that of copper but with the copper atoms 
farther from one another, presumably on account of the introduc- 
tion of hydrogen into the lattice. Copper hydride may perhaps 
be groupii with the hydrides of nickel, cobalt, iron and c^omiuin 
whfch were prepared by Weichselfelder. and wluch are described 
below, but the evidence for a final decision of this point is stiU 

HWndcs ofNickd, Cobalt, Iron and C/iro»»um.— Weichselfelder 
found that on passing hydrogen through a suspension of powdered 
anhydrous nickel chloride in an ether solution of pben> 1 mag- 
nesium bromide, four atoms of hydrogen were absorbed per atom 
of nickel and a black precipitate was formed which evolved hydrogen 
on treatment with water, alcohol or dilute acids. In the dry state 
this black substance was found to have a composition lepresent 
by the formula NiH^. It is believed that the initial product of 
this reaction may be nickel diphenyl NdCeHs 2 - and that this 
reacts further with hydrogen to form nickel hydride and benzene 

NiCL -h 2CoH6MgBc = NilCgHgla -f MgBrg + MgClg 
NKCJI.h + 2H, = 2CeH« -h NiH, 

The reaction between anhydrous cobalt chloride and iihenyl 
magnesium bromide is similar to the above, although the absoip- 
tion of hydrogen takes place more slowly. Analysis of the inoduct 
cor^Unds to the formula CoH,. With anhydrous errous cIiIoikIc 
the hych-ide FeH 2 was prepared in the same way. but with feme 
chloride tlie absorption of hydrogen was more vigorous. A black 
precipitate was formed, which lost hytkogen m the process ol 

Hiittig and Brodkorb. Z. anory. Chtm., 1«2G, 153, 235. 

Annahn, 1027, 453, 289. ioo« ir-i 9^9 

«« HuUig and Brodkorb, Z. anorg. Chem., 1920, 153, 2AZ. 

Annalcnf 1020, 447, 64* 
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drj'iiig. The anal\iiical data pointed in this case to the formation 
of the hydride FeHg. Anhydrous chromic chloride, dissolved in 
an ether solution of phenyl magnesium bromide, likewise absorbed 
hydrogen slowly. The product had the composition CrH 3 . It is 
probable that yet other solid metallic hydrides will be produced 
by the reduction of metallic derivatives wdth lithium aluminium 
hydride and similar powerful reducing agents. 

There is no indication at present of the true nature of these 
hvdridcs. The method of their preparation does not suggest any 
analogy with substances such as the rare earth hydrides, nor is 
there any reason to suppose that, say, chromium hydride prepared 
by Weichselfelder’s reaction bears any relation to the product 
obtained when metallic chromium adsorbs hydrogen. Until essen- 
tial data such as heats of formation and lattice dimensions are 
available for the above compounds there appears to be little prospect 
of definite progress towards their classification. 

Hifdrides of Zinc, Cculmium, Beryllium and Magnesium . — A 
hydride of zinc of the formula ZnHg has been prepared by the inter- 
action of dimethyl zinc with a diethyl ether solution of lithium 
aluminium hydride.®- 

Zn(ca3)2 -f 2LiAlH4 = ZnHj -H 2LiAlH3CH3 

The coin})ound has also been prepared by an analogous reaction 
from zinc iudiile.®® It decomposes above 80° to zinc and hydrogen. 
Cadmium hydride, which was obtained similarly from dimethyl 
cadmium, underwent raj)id decomposition above 0°. Both com- 
])ounds are white non-volatile solids, which do not dissolve in ether 
and are slowly decomposed by water. Their structures have not 
yet been determined. 

The hydride BelU has been prepared by the reaction of lithium 
aluminium hydride in ether solution with dimethyl beryllium or 
beryllium chloride.®^ Its stability is similar to that of ZnHo. Both 
comj)oimds react with diboranc and form the metal borohydride. 
A siTuilar ]>rocedure has been applied to prepare magnesium hydride, 
Mgllj.®- This is also formed in the p^Tolysis of magnesium diethyl 
in vacuum at 175°.®® 

Mg(CoHfi)3 = MgUg -b 2C3H, 

The conij)onnd MgC.jIU is formed simultaneously. The hydride 
decc>mj)o.ses at 280-500° to magnesium and hydrogen and reacts 

Itnrlfiinia, Finholt, Wartik. Wilzbacb and Sclilesinger, J. Ar/ier. 

Sor., IUi)l, 73, 4585. 

Wiherg, Henle and Bauer, Z. yalurforscJig., 1951, 6b, 393, 

Wiberg and Bauer, ibid., 1951, 6b, 171. 

Wiberg and Bauer, ibid., 1950, 5b, 396. 
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with diborane to form A total synthesis of MgH^ in 

60 per cent yield is also possible by the interaction^of magnesium 
and hydrogen in presence of magnesium iodide at 570®/200 atm.*® 
Wiberg has suggested that the structure of magnesium hydride may 
involve hydrogen bridges between the metal atoms, which is beUeved 
to be the case in polymerized aluminium hydride, but in neither 

case is there any evidence. 

Wiberg. Goeltzcr and Bauer, ibid., 1951 6b, 394. 



CHAPTER IX 

FREE RADICALS OF SHORT LIFE' 

The chemical radical was recognized in 1832 by Liebig and 
Wohler as a group of atoms capable of occurring intact in a num- 
ber of compounds and of being replaced by other elements or 
radicals. This conception was supported by Kolbe’s work (1849) 
on the electrolysis of sodium acetate, when ‘free methyl’ was 
considered to be formed, and also by Frankland’s preparation of 
‘ free ethyl ’ by the interaction of zinc and ethyl iodide. These 
substances we now know to be twin radicals, and the same is true 
of Bunsen’s ‘ free cacodyl as well as of ‘ free cyanide ’ winch 
was discovered by Gay-Lussac. The natural reaction of cheimste 
to tliese early experiments was that while the existence of radicals 
in chemical compounds was generally admitted, their isolation was 
recfarded as impossible. Indeed, it was not until 1900, when 
Gomberg prepared triphenyl methyl, C(CeH 6 ) 3 , that the existence 
of free radicals received its first direct proof. 

Triphenyl methyl was found to behave as a highly ui^tm- 
ated compound. Thus it reacted readily with oxygen, yielding 
(CoHslaC— 0— 0— CXCgHala, and was also capable of adding on 
halogens at 0°. It was shown from determinations of the molecmar 
weights in various solvents that the substance was an eqmlibrium 
mixture of triphenyl methyl and hexaphenyl ethane. The isolation 
of triphenyl methyl was followed by a large amount of research 
during which many similar bodies were prepared, and as a result 
these ‘ free radicals of long life ’ became well established as chemical 

individuals. 

Free radicals such as methyl, CHj, and ethyl, C 2 H 5 , were postu- 
lated as intermediaries in chemical reactions, but the first direct 
demonstration of their transitory existence is due to Paneth and 
llofeditz. These investigators pumped the vapour of l^d tetra- 
methyl mi.xed with pure hydrogen or nitrogen as a carrier gas at 
a total pressure of 1 -5-2-0 mm. of mercury through a heated quartz 
tube. Very high streaming rates were obtained by using pumps 

‘ For a discussion of the ph\^icochcmicai aspects of this topic sec ‘ Atomic 
and Free Radical Reactions by E. W. R. Steacio (American Chemical Society 
Monograph Xo. 102, 1946). Sec also Bawn, 1949, 1042. 
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of high capacity, and a short section of the quartz tube heated 
with a Bunsen burner. This resulted in decomposition of the lead 
alkyl with deposition of lead immediately beyond the heated zone. 
The eas passing away from the heated zone was reactive ; it was 
able to eat away cold mirrors of lead, zinc, bismuth, or antimony, 
even when the latter were situated at distances up to 30 cm. from 
the heated portion of the tube. It was sho^vn that the attack of 
the mirrors led to formation of the corresponding metal methyl 
The active material must therefore have been free methyl, formed 

according to the equation 

Pb(CH 3 )i = Pb + 4 CH 3 

This method of producmg free methyl radicals is illustrated by 
the diagram below (Fig. 47). 


8 


to Pamp 




a 



F.a. 47.-Appar»tu, fur producing free methyl fro... lend t«tr,-n.otl,yl. 


Pure 

taps 2 ^3^aud 4, a mixture of hydrogen and lead tetramethyl 
vanour could be passed through the apparatus at a pressure ot 
i.r ^9 mm of mercury. By heating a small section of the quartz 
tube B with a Bunsen burner, or an electrical heating spiral, the 
lead alkyl was decomposed and a deposit of lead was foinied. 
After tlL lead mirror had been allowed to cool a second spot on 
the quartz tube to the right of the first was heated. A new iniiror 
forn?ed at the heated spot, but while it was forming it was observed 
that the first mirror was eaten away. The experiment sugf^ested 
in fact, that some aggressive agent was being liberated in th 

of tli6 nictal alkyl* 

Thi/aggressive agent (which ia actually free methyl) was 
by the decomposition of other metal methyls. Bismuth 
for example, when deco-unosed gave a substance which would eat 
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away lead mirrors, and the active material from lead methyl would 
eat away bismuth mirrors. Antimony and zinc mirrors could also 
be removed, and the compoimd from zinc was identified as zinc 
dimethyl. Numerous other methyl derivatives have since been 
identified as formed by this method, leaving no doubt as to the 

reality of the free methyl radical. 

The concentration of free methyl in the gas stream may be 
judged from the time in which a mirror of standard opacity dis- 
appears. This time increases as the distance of the mirror from 
the heated zone is increased. Paneth found that when hydrogen 
was used as carrier gas for methyl radicals from lead tetramethyl 
the radicals disappeared by the two processes 

CH3+ H2 = CH,-!-H 

CH3 -p CH3 = C^Hg 

Low concentrations of radicals and increase in temperature resulted 
in the formation of le.ss ethane and more methane. As would be 
expected, the use of helium in place of hydrogen as a carrier gas 
largely eliminated the formation of methane, and also increased 
the life of the radicals. By employing helium as carrier gas and 
heating the walls of the quartz tube, the half-value period of methyl 
could be raised to 0-1 second. 

The life period of these free radicals is always expressed by the 
time needed for the concentration, as measured by the time of 
removal of a standard mirror, to fall to half its value. Experi- 
mentallv .‘<iic'h a <letermination is fairly readily carried out. The 
mirrt)r is pre])are<l by very I’ar ful volatilization of the substance 
to be e.xamincd until a film is formed which matches in opacity 
and extent some standard mirror. This matching process is not 
unlike the matching of mirrors against standards in the Marsh 
te.st for arsenic. Sm-h a standard mirror is then prepared in con- 
secutive experiments at a series of distances from the heated zone 
and the time of its disappearance is measured for each location. 
'J'lie reciprocal of tlii.s time is a measure of the concentration of 
radicals. The ludf-valiie period can then be deduced, knowing the 
streaming velocity and the distances of the mirrors from the 
heated zone. 

The above experimental method was e.xtended by Paneth and 

T^autsch - to thi; identification of free ethyl as a product of the 

thermal dissociation of lead tetraethyl, but attempts to prepare 

radicals such as propvl and butyl by this method, starting from 

the corresponding metal alkyl, were unsuccessful and yielded only 

ineth\ l an<] ethvl radicals. This indicated that, if formed, these 
• • 


* 5er., 1031, 64, 2702. 
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higher radicals (e.g. butyl, C 4 H,) must decompose, either at the 
instant of their formation or very shortly afterwards into simpler 
radicals. The experimental method would naturally fail to detect 
radicals which had almost completely combined or reacted before 
they could arrive at the metal mirror with the highest flou -rate 
obtainable. Frey and Hepp have, however, obtained evidence of 
the transitory formation of free butyl m the thernial decomposat on 
of mercury dibutyl at 350^50“.= although no derivative of the 
radical was isolated. Very careful analyses of the products of 
decomposition of the mercury alkyl were carried out, and it vas 
shown that the radical probably decomposes according to the 

reaction + CH 3 CH 4 

This agrees with Rice’s general conclusions as to the mccliamsm 
of pyrolysis of organic compoumls, which are discussed in tlie next 
sLtLn. The beLyl radical. CeH^CH^, has also been identified as 
being formed by beating the vapour of tin tetrabeiinyl. Benz) 
was found to attack mirrors of selenium, telluriuin, and mercur), 
the compound formed with mercury being identified as dibenz)! 
mercury^while with selenium a produet was obtained from ninth 
d benzyl aelenide was isolated.* The life period of benzy in a 
cold tube was considerably shorter than that of methyl, but in 
Cheated tube the radical had about the same half-value period, 

“ThlCt^yfandTryf-radicals were used by Panetli and Lolcit 
in synthesizing two new compounds of antimony, ^"timony cacodyl 
and^s ethyl Lalogue. which had not been prepared before. lie 
products formed by methyl radicals (Me) and ethyl radicals (Et) 
with mirrors of arsenic, antimony, and bismuth are shown in tlie 

table below. 

A rsenic 
Antimony 
Bismuth 

AU of these products except (SbEt,), and (Bi.Me^), were obtained 
bv passing tL radicals over the cold minors, but for Uie t«o 
Biibstances specified, which are appreciably less volatile than the 

others it was necessary to heat the mirror. ^ 

Production of Free Radicals by Pyrolysis of Organic Com - 
pounds.— The proof that free radicals arc formed in the pyrolysis 

*J Amer. Chem. Soc., 1933, 55, 3357. » ,,•» moc ir.it 

• Paiw-m and Lautach, J-C-S., 1930, 380. ‘ 1035, 30b. 


Me 

Trialkyl 

AbMo, 

Et 

AsEta 

Mo 

SbMc, 

Et 

SbEt, 

Mo 

BiMe, 

Et 

BiEt, 


UUilkyl 

(AsMcjlj 

(A8l*..t2)j 

(SbMfjlg 

(SbEt,), 

(BiiMcj), 


Other proJiicU 

(AsMcls t 
(AsEt)^ ? 
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of organic compounds has been furnished very largely by the work 
of F. 0. Rice.® The vapours of the organic compounds, which 
included hydrocarbons, ketones, aldehydes, amines and ethers, were 
streamed through a quartz tube which was heated to 700-1000®, 
and the gas stream leaving the furnace was allowed to impinge 
on a cold mercury surface. The mercury alkyls formed distilled 
away and were condensed in a liquid air trap. After the run they 
were treated with an alcoholic solution of mercuric bromide, with 
which they reacted forming al^l mercury bromides of the type 
RHgBr. These mercury bromide derivatives could be separated 



Fig. 48. — Apparatus for identification of free radicals produced by pyrolysis of 

organic compounds. 

from one another, if necessary, by fractional sublimation and 
identified by means of their melting-points. The actual apparatus 
used in these experiments is illustrated by Fig. 48. The mercury 
was condensed on the water-cooled tube C by heating B. The 
main furnace tube and the tube bolding the mercury were made 
of silica. 

This method of carrying out the pyrolysis of organic compoun<w 
gave relatively large yields of radicals, but the only radicals identi- 
fied by means of it were free methyl and ethyl. The situation 
may be summarized in Rice’s own words : ‘ We looked very care- 
fully for evidence of the formation of propyl and higher radicals, 
but could find no evidence whatsoever of their presence. The 

• (7/. Trans, Faraday 8oc., 1934, 30, 152. 
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liiclier alkyl mercuric bromides are appreciably more volatile than 
are the methyl and ethyl compoimds and should therefore be readily 

detected even in small quantities.’ , j- j v,, -r;^p anrl his 

The very wide range of compounds studied by Rice and his 

co-workers^and the relatively large amounts of material with w c 

their experimental method permitted them to work would almost 

certainW have shown the presence of higher radicals had they been 

formed^ It must be concluded, therefore, that if they are formed, 

Ldicals such as propyl or butyl must break down into methyl and 

ethvl at the hi"h temperatures employed m the expenmentb of 

Paneth and of Rice. This leads one naturally to turn to methods 

which would produce these radicals of high molecular weight a 

1 fPinnerature so as to avoid decomposing them as soon as 

they are 

As will be seen i^.i-son and has been the means of adding 

wave-lengths less than 3^00 a.. >t 

largely o a carbon monoxide in equivalent amount.® 

taten as evidence that the ketone is deconiposed by hght 
in accordance with the following scheme . 

.CH3+ C^^HfiCO 

>0< 

^ C,H 


+ CH3CO 


CH3 + Call 6 + CO 
CH3 + CJIj + CO 


CHa-CHa 
+ CH3.C2H5 

-j- 

-V CO 


CaHs . ^ 

• i- , fxf nijitiv whict are believed to involve 

This reaction yP radicals ^ Among them the production of 
the of free methine, CH, may be men- 

free methylene, C j, i^^jHeved to be formed us an inter- 

ri ‘T^rsa;:.. ■;? 

I Nor1rBrandTpp1S’ard!^y.‘c^^^^ JOS'*. 874. 
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GHjCO,® while methine, CH, is an obvious product of the primary 

photo-dissociation of acetylene.*® 

The first direct proof of the production of free radicals in photo- 
chemical reactions was given by Pearson, who modified the Paneth 
technique for this purpose.” The apparatus used by Pearson in 
studying the photolysis of acetone is shown in the diagram below. 
The acetone was frozen in I and the apparatus exhausted. A 
metal mirror of suitable dimensions was then formed in the quartz 
tube at C by heating the metal (Te, Sb or Pb) in B. Acetone 
vapour at a pressure of the order of 0'5— 2'5 mm. was then pumped 
rapidly through the quartz tube, a small section of which was 
illuminated by a suitably screened mercury-vapour lamp, as shown. 
The free radicals formed in the photolysis could then act on the 
metal mirror at C. This was actually found to be eaten away, 



Fic. 49. — Apparatus for study of free radicals proiluced photochemioally. 


the time necessary for so doing increasing as the distance of the 
mirror from the irradiated zone was increased. The volatile pro- 
ducts formed by the action of the free radicals on the mirror could 
be collected in A, together with vmchanged acetone and products 
c f irs photolysis. In the case of the experiments with acetone, 
dimethyl telluride was identified as formed by the attack of the 

■Q radicals on tellurium. Control experiments were, of course, 

. j ried out to verify that the attack of the mirror was not due to 
\\e undecomposed acetone vapour. 

This experimental method also allows the life period of free 
radicals formed in photolysis to be measured by the usual pro- 
cedure. Tins was done by Pearson in the case of the radicals 
from acetone, and it was shown that the half-life period was of 

* Kirkbride and Norrish, ibid., 1933, 119 ; Noixish, Crone and Saltmarsh, 
ibid.. 1933, 1533. 

Norrish, Tran^. Faraday Soc.f 1934, 30| 111, 

1934, 1718. 
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the order of 5 X lO''^ seconds, a value which is in approximate 
agreement with that obtained in Paneth’s experiments. The same 
method has been extended with conspicuous success to the study 
of other radicals, and has proved itself to be of wider apphcabihty 
than the methods for producing radicals which are based on pyro- 
Ivsis of either the metal alkyl or of organic compounds. Ihis is 
because radicals can be produced by photolysis at room temperature, 

and their chance of survival is accordingly greater. 

In an extension of the work on the photolysis of acetone P™rson 
and Purcell identified the radicals from dimethyl and diethyl 
ketones as methyl and ethyl, respectively, by their reactions u dh 

mirrors of teUurium, mercury and arsenic. ^ 

the first time that the normal propyl radical exists by rradiatiiig 

di-«-propyl ketone with ultra-violet hght and allowing the radicals 

formed react with mercury. The mercury alkyl formed was 
converted to the mercury alkyl bromide, w^ch was found to bo 
identical with merenry a-propyl bromide. Other work from the 
same laboratory, making use of the P>ro‘oo>rom.cal tcchmque k,s 
resulted in the identification of phenyl, CsHj, benzjl, CeHsCH,. 
tertiary butyl, ClCH,),, acetyl, CH 3 CO, and benzoyl, CsHsCO. 

Th7 Ammonium Radical.-There has been much discussion 

thp pxisteuce of tlie ammonium radical, NH 4 , m the fret 
:tatf It hafbLn known for a long time that electrolysis of 
solutions of ammonium salts in water or 

mercury cathode yields a curious type of amalgam . i ho same 

nroduct is formed in the interaction between alkali metal amalgams 
Ld ammonium salts. These amalgams 

being puffed up, and are sometimes regarded as froths It is ter 
tain^hat they contain only mercury, nitrogen and hydrogen, and 
Zt ^n the spLtaneous decomposition the -tman^d e^ 

are evolved in the proportions required for the formation o! 

™nium. The hydrogen formed in the 

Electrochemical measurements also support the hypothesis that a 
i Tnilifil such as NH 4 is liberated at the mercury cathode 

and combines with the mercury, while measurements of the dqiros- 
sion of freezing-point of a series of amalgams also support the 
idea that they consist of solutions of ammonium m mercury. The 
amalgai^ foLed by alkyl-substituted ammonias are more stable 

than tKosG frolu uiuinoixiuiii suits, 

^^Thc evidence for the transitory existence of ammonium seems 
fairlv convincing, although it is by no means conclusive. 1 he 
position at the moment is rather siimlar to the question of the 

»» JC.S. 1035. 1151. Ibid., 1930, 253. 

taa JohnBton and Ubbelohde, ibid., 1951, 1731. 
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existence of alkyl radicals when the only experimental evidence 
was that furnished by the results of electrolysis of fatty acids. 
It will be necessary, in all probability, to abandon the amalgam 
method of studying ‘ammonium* before much further process 
can be made in the study of this substance. At the moment there 
is no evidence for the transitory existence of the ammomum radical 


in the gas phase. m 1.1 r 

Atomic Hydrogen. — Two main methods are available tor pro- 
ducing atomic hydrogen in a form which allows it to be stuped. 
The first consists of streaming molecular hydrogen tmouga an 
electrical discharge at a pressure of the order of 1 mm. of merci^. 
In the discharge the hydrogen is partially spUt up into atoms, wmcd 
survive for a sufficiently long time under certain conditions to be 
])umped away from the discharge zone and studied. The second 
method is based on the fact that hydrogen molecules are di^ociated 
into atoms at very high temperatures. Thus a jet of h^ogen 
dirt'cted on to a heated tungsten filament is found to become 
charged with atomic hyilrogen. This method has been developed 
bv Langmuir for welding purposes, and is referred to in greater 

detail below. .i t 

The jjroduction of atomic hydrogen in the electric discharge was 

first described by Wood.i^ who pumped hydrogen through a dis- 
charge tube operated from the secondary circuit of a transforrner 
and foun<l that the i.ssuing gas had marked reducing properties, 
which {XT.'^isted for some distance from the discharge. The actual 
distance depended on the rate of |)umping, pressure, tube diameter, 
an<l nature of the walls. The formation of hydrogen atoms the 
(liseham^ ^ roved by the eiiiissioD of the line spectrum of hydrogen, 
as distincf from its band spectrum. The former arises fmm 
hydri>gen atoms and the latter from hydrogen molecules. Ihe 
oijvious infen^nce is that some of these hydrogen atoms are being 
ranie<l awav from the discharge zone. The reason for their sur- 
vival is that the process H -i- H = Ho is exothermic to the extent 
of 101 kti.t al.. so that unless it takes place as a three-body collision, 
or on the walls of the containing vessel, the newly formed hydrogen 
molecule will contain at least enough energy for its own dissocia- 
tion. A third body in the collision, or the proximity of a solid 
sui faci', pro\ i<h‘s a means of disposing of this high energy of re- 
coinhinatii*!! an«l so stabilizing the newly formed molecule. If the 
energy cannot be disposed of in some such way, then the collusion 
of two hydrogen atoms tloes not lead to recombination. 

The lecomhinalion of hydrogen atoms is catalysed by various 
Mib.'^taiices. If. for example, a piece of platinum foil is mounted 

VhU. Mag., 11)22, [vi], 44, 538. 
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in the cas stream so that the gases leaving the discharge impinge 
on it, it is rapidly raised to incandescence by the heat liberated 
in the recombination of hydrogen atoms at the surfaces The 
catalytic activity of the metals decreases in the order Ft, Id, \V 
Fe Cr A" Cu Pb.*® The reactions of atomic hydrogen studied 
up’ to’ th^ present include those with phosphorus, arsenic, and 
antimony, all of which are converted to their hydrides. Nitrogen 
is completely indifferent to atomic hydrogen, no ammonia being 
formed. Sulphur forms hydrogen sulphide readily when placed m 
the gas streaming away from a hydrogen discharge tube. The rate 
of reaction may be judged from the fact that m a typical experiment 
6 mg of sulphur were converted to hydride in the course of 5 minutes. 
Chlorine, bromine and iodine have all been sho%vn to be converted 

to their ’hydrides by atomic hydrogen. * ^ ^ - 

Atomic hydrogen has been found by quahtative tests to react 

with a number of oxides, sulphides and halides of the metals. 
The oxides and chlorides of copper, lead, bismuth, silver and mer- 
cury were reduced readily, for example, while those of aluminium, 
maLesium. chromium and zinc were not. The sulphides of cad- 
miiS and copper were also reduced to the free metal, as were the 
nitrates and sulphates of lead and copper Bariuni sulphate was 
reduced by atomic hydrogen to barium sulphide. These reactions 
were carried out without the application of external heat, though 
a small local temperature rise would be inevitable, owing to recom- 
bination of hydrogen atoms at the surface of the material undergoing 

^^^eaSions between organic compounds and atomic hydrogen 
have been extensively studied. With hydrocarbons, hydrogenation, 
dehydrogenation and disruption of the carbon chain take place 
simultaneously. With inonohalogenated hydrocarbons the primary 
reaction is probably the formation of a molecule of hydrogen 

haUde, e.g. ^ ^ 

Other more complex reactions have also been examined. Thus, 
for example, oleic acid undergoes rapid hydrogenation while Urey 
and Lavin have shown that atomic hydrogen is able to reduce 

azoxybenzene as follows : 

Azoxybenzenc azobenzene hydrazobenzene — > aniline. 

The production of atomic hydrogen by irradiation of a mixture t)f 
molecular hydrogen and mercury vapour with mercury resonance 

Bonhoeffur. UrgeMn. fjcukl. Nalunvxnts., 1027. 219. 

>« li?jnh(>eirer. phy«ikaU Chem,, 1924, 113, 99 ; Boiiln>. n.-r and Bm-hin. 

ibid . 1920. 119, 3B5. 

i’ J. Amcr. Chem. Soc.. 1929, 61. 3286. 
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radiation of wave-length 2537 a. has been extensively studied in 
connexion with such problems as the photochemical polymeriza- 
tion of hydrocarbons, but a full discussion of the more physical 
aspects of such work cannot be given here.^® 

Langmuir’s method of producing atomic hydrogen by means of 
thermal dissociation of molecular hydrogen is perhaps the only 
direct technical application of atomic gases to be made up to the 
present, and may therefore be described in some detail. The 
principle employed is to blow a current of hydrogen across an arc 
(20 amp. at 300-800 volts) struck between tungsten electrodes in 
an atmosphere of hydrogen. The degree of dissociation of the 
hydrogen may be calculated, and is found to be 9-03 per cent at 
3000° and 94-7 per cent at 5000°. When this stream of gas con- 
taining atomic hydrogen is directed on to a metal surface placed 
at a few centimetres from the arc, intense local heating occurs, 
due to catalytic recombination of the atoms. It has been found 
possible to use this heating effect to melt some of the most refrac- 
tory materials. Thus tungsten, tantalum, and thorium oxide have 
all been melted by this process. It has the great advantage in 
welding operations to which it has been applied that the hydrogen 
furnishes a protective atmosphere, so that deterioration of the weld 
by oxidation is minimized. 

Pietsch has studied the reactions between atomic hydrogen and 
certain metals, using the apparatus shown diagrammatically below.*® 
The metals examined were mounted in the bulb tube, shown on the 
right of the discharge tube, so as to expose them to the action of 
atomic hydrogen. It was found that silver foil became covered 
with a white film in the course of 2 hours’ exposure. The product 
when treated with water gave silver hydroxide and evolved a gas 
which was taken to be hydrogen. Powdered silver at 250-350° gave 
a white product, which was probably a silver hydride mixed with 
unchanged silver, and for which the hydrogen dissociation pressure 
varied from 3-5 X 10'* mm. at 289° to 72 mm. at 1173°. In the 
course of such an experiment the metal studied becomes hot because 
of reaction and recombination at its surface, but the amount of 
heating can be controlled by altering the discharge conditions and 
pressure so as to modify the concentration of hydrogen atoms in the 
gas stream. Copper and gold gave similar results to silver, although 
the hydrides formed were much more readily decomposed by heat, 
and a lower concentration of atomic hydrogen had to be employed 

See Grundlagen tier Photochemie, by K. F. Bonhoeffer and P. Hartpcck 
(Theodor Stcinkopff, 1933). 

Cf. General Electric Review, 192G, 29, 153. 

20 Z. Ehktrochem., 1933, 39. 677. 
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to avoid overheating of the metal. Beryllium was also found to 
be attacked. Gallium became covered with a film of hydride at 
100-170®, and in the case of indium a reaction between the vapour 
of the element and atomic hydrogen took place. A blue lumin- 
escence was observed and a grey-white hydride could be frozen out 
from the gas stream. It decomposed on warming, leaving a deposit 
of indium on the glass. i\Ietallic tantalum was transformed by 
atomic hydrogen into a brittle substance which had a definite 
dissociation pressure of hydrogen over it. In assessing the import- 
ance of this preparative work it must be remembered that although 
definite compounds were not isolated and analysed, the observa- 



Fio. OO.-ApimratuH for 8tuJy of reactions of atomic hydrogen with metals. 


tions were made with small quantities of material. Undoubtedly 
atomic hvdroecn can form hydrides which are not formed directly 
This is tiie case, for example, witli silver, beryllium gallium and 
indium Pictsch expres-scs the view that the hydrides formed by 
the atomic hydrogen are salt-like, but this is not necessarily true. 
Thus in the case of tantalum, for example, the formation of an 
interstitial compound would seem to be equally likely. 

A hydride of mercury has also been prepared from atomic 
hvdroKcn and mercury vapour . 21 Mercury vapour was injected 
though a jacketed tube into a hydrogen stream carrying atomic 
hydrogen, the mixing zone being cooled m liquid air A black 
product separated out on the cooled surface, but it de^mposed 
into mercury and hydrogen at — 125 to — 100 . Trom the 

11 and Harteck. Her.. 1932, 65, 1660. 
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quantities of hydrogen evolved and of mercury remaining it was 
concluded that the deposit consisted of 70 per cent of a hydride 
HgH and 30 per cent of metallic mercury. 

Several other interesting addition reactions of atoimc hyd^gen 
taking place at low temperatures have been described, ihese 
addition reactions probably occur more readily at low tengeratures 
because the kinetic energy of the reactants is less. Hydrogen 
atoms, produced separately in the electrical discharge, and mixed 
with molecular oxygen at the temperature of liqmd hydropn, give 
a quantitative yield of hydrogen peroxide.^® This is not, 
the ordinary form of hydrogen peroxide, for on warming to SU 
a vigorous exothermic reaction, accompanied by partial decomposi- 
tion into water and oxygen, takes place, and ordinary hydrogen 


peroxide remains. 

Nitric oxide and hydrogen atoms react at the tempera,ture 
of liquid air to form an explosive substance of the composition 
(HNO)„.“® This separates as a bright yellow deposit at liquid air 
temperature, as much as 250 mg. having been prepared, and it 
resembles the product obtained by the action of atomic oxygen 
on ammonia. The deposit becomes white in colour on raising the 
temperature and a change sets in at - 95^ with some decomposi- 
tion into nitrous oxide and traces of hydrogen and nitric oxide. 
The sub.stance was analysed by decompo.sing the vapour with a 
•dowing platinum spiral and a ratio H:N:0 = 1:1:1 vias 
found. It wa.s thought that the low temperature product was 
an addition compound, but that at - 95° this yielded hyponitrous 
acid, )o. and nitramide, NH^NOj, both of which were dc_tected 

by (luaUtative tests. This low temperature change at — 9o was 
accompanied by a small amount of decomposition into the products 

mentioned above. 

Hydrogen atoms react with hyilrogen cyanide at low temperatures 
forming a .substance with the formula H 3 CN, which decomposes 
when shnvlv heated, yielding anunonia, methylaiiunc and venous 
condensation products. Sulphur dioxide also forms an addition 
product of the formula HaS.Oa, which decomposes when the 

temi'orature is raised, forming SO 2 and 

llarteck has de.scribed a method of obtaining atomic hydrogen, 
oxygen and nitrogen at gas pressures up to 20 mm.=® The principle 
eiimloved is to circulate a gas mixture containing a partial pressure 
of 15-21) mm. of neon and a hytkogen pressure of the order ot 


*2Gc‘ib and Hartcck. Ber., li)32, 65, 1551. 

23 Hartcck, 1933, 66, 423. 

Geib and Hart^ck, Tran^. Faraday Soc., 1934, 30, 131 
Hortcck, Z. Elektrocliem.f 1936, 42, 636. 
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0-3 mm. The inert gas makes it possible to operate the discharge 
at a much higher pressure than would otherwise be possible, while 
the dissociation of hydrogen into atoms by the discharge proceeds 
quite normally. The method has the special advantage that it 
enables the gas stream containing hydrogen atoms to be bubbled 
through liquids and solutions. It has been found m this way that 
solutions of silver sulphate or nitrate are reduced to metallic silver. 
Cupric chloride yields copper and hydrochloric acid, mercuric 
chloride yields mercurous chloride and hydrochloric acid, and 

hydrogen peroidde is transformed into water. 

Ato'mic Oxygen. — Atomic oxygen may be produced by stream- 
ing molecular oxygen at a pressure of about I mm. through an 
elSitrical discharge. The apparatus is very similar to that used 
in studying atomic hydrogen, and the gas passing away from the 
discharge consists of a mixture of molecular and atomic oxygen. 
The recombination of the atoms is catalysed by various substances, 
and a metal such as platinum may be melted by the heat of recom- 
bination when it is placed in the gas passing away from a (^charge. 
The actual time of survival of atoms depends on the diameter of the 
tube through which the gases are passing, the nature of its walls, 
the presence of inert gases, and the oxygen pressure. 

An alternative method of producing atomic oxygen is by irradia- 
tion with light of wave-length falling within the region of con- 
tinuous absorption of oxygen, t.e. of wave-length less than 1900 A. 
Such light may be obtained by passing a condensed spark between 
aluminium electrodes in air. Alternatively a special typo of xenon 
discharge lamp may be employed.^’ This lamp emits the xenon 
resonance lines at 1495 a. and 1295 a., these wave-lengths corre- 
sponding to energies of 193 and 219 kg.cal., respectively. In cither 
case dissociation of oxygen molecules into atoms results. 

Atoms of oxygen arc almost certainly prodiiced in an ordinary 
ozoni/.cr as an intermeebate in the production of ozone. 1 le 
recombination of two atoms to form an oxygen molecule and the 
combination of an atom and a molecule to form ozone can occur 
only as three-body collisions or on a solid surface, ;md Krstia- 
kowskv “ has shown that in ozone formation tlie elhciencies ot 
various molecules as partners in such three-body collisions for the 
formation of ozone have the following relative values : 

^ A 


O 


CO* 

0-8 


CO 

0-62 


N, 
0-28 


A 
013 


The energy of activation of the process O -}- = O 3 is only 

Hartc'ck and Kopsch, Z. physikal. Cfiem., 1931, B, 12, 327. 
Groth, Z. Ekktrochem., 193(5, 42, 533. 

Z. phyaikal. Chem., 1025, 117, 337. 
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4 kg.cal, and the reaction of oxygen atoms produced in a dis- 
rlinrgc with molecular oxygen at low temperatures is a convenient 
method of preparing high concentrations of ozone. Accidental 
production of liquid ozone from the reaction is also a potential 
source of dangerous explosions in work on atomic oxygen in which 
the discharge tube is employed. 

The reactions of atomic oxygen have been extensively studied.*® 
With hy<lrogon, as might be expected, water is the ultimate product, 
although there is some uncertainty as to the mechanism of its 
formation. Hydrogen sulphide and carbon disulphide both react 
at low j)ressuie with a blue luminescence, and the production of 
S, SO2, SO3, H2SO4, H,0, CO and COg. The reaction of oxygen 
attuns with carbon monoxide is very slow at room temperature. 
llydrog«-n chk>ride and hydrogen bromide are decomposed with 
production of the free halogens. All hydrocarbons are attacked 
more or less slowly, the reaction being accompanied by lumines- 
cence, the sj>ectrum of wliich shows OH, CH and sometimes also 
CC bunds. 

Addition reaction.^, similar to those for atomic hydrogen, may 
also he obser\vd with atomic oxygen at low temperatures. Thus 
acet\'lene gives a substance the composition of which approximates 
to CoHoOj and which decctinposes at temperatures above — 90®, 
giving mainly water, formic acid and glyoxal. Benzene adds on 
three oxygen atoms per molecule at — 80®, but the substance 
fornii*<l (h'compttses at higher temperatures. Ammonia reacts with 
oxygen atoms, giving an expKsive substance which is probably 
UNO Of NlLjO. There are still many possible extensions of this 
held of investigation. Among the most promising is the u.sc of a 
relatively hij:h [>ie-;siire of a rare gas as a carrier for atomic oxygen, 
using the same eral method as has been described for hydrogen 
at<tms. 'riiis Would facilitate the 
atoms and litjui^ls. 

Atomic Chlorine and Bromine. — The existence of free chlorine 
atoms as intenm-<liates in chemical reactions has been recognized 
for inatiy years. ]»articularly in the case of the photochemical 
combination of hydrogen and chlorine, for which Nernst has 
proposed the following cliain reaction : 

CU -r hv = Cl 4- Cl 
Cl -i-lb = IICl + H 

H -f- Clj = HCl 4 - Cl 

The cldorine atoms are produced in this instance by the photo- 
eluunical dissociation of chlorine, and as the reaction proceeds 


study of reactions between oxygen 


-• Cf. Gcib, Ergcbti. exakt. Naturwies., 1935, 44. 
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there will be a small but definite concentration of atoms present 
in the reacting mixture. The thermal reaction of socUum vapour 
and chlorine is similar, and is believed to take place via the mitial 

stage : 

Na + CU = NaCl + Cl 

If hydrogen or methane is added to the reacting mixture in tlic 
dark, the formation of hydrogen chloride or of methyl chloride can 
be observed at temperatures lower than those needed lor direct 
thermal chlorination, which is again indirect proof that chlorine 
atoms are present. These methods are not, however, suitable for 
studying the reactions of atomic chlorine. Even when chlorine is 
irradiated with a wave-length callable of dissociating the gas into 
atoms (Le. A;. < ctVm 4785 a.), the atoms recombine very rapidly, 
and none of them survive for a sufficient time for their reactions to 
be studied unle.ss low pre.ssures and wide reaction vessels are used. 
The use of low pressures would minimize recombination by three- 
body collisions in the gas phase, while the fact that the reaction 
vessel used was large would ensure that the rate of recombination 

of chlorine atoms on the walls was small. r ^ • i 

The production of atomic chlorine m a discharge was hist earned 
out successfully by Ro<lcbush and Klingelhoefer.=>'> use being made 
of an elcctrodeless discharge m streaming chlorine at a pressure ot 
less than 1 mm. The catalytic behaviour of various materials m 
promoting the recombination of chlorine atoms was studied b>' 
citing them in turn on to the bulb of a thermometer which wa.s 
placed in the gases streaming away from the discharge, and obst i\ in„ 
IL rise in tLiperature. Silver ami copper were good catalysts, 
but were also rapidly attacked with formation of adlierent layers 
of their chlorides. Nickel and gas carbon also ha<l a goo.l catalytic 
action while recombination on surfaces of glass, s xliuin . 

potassium chloride ami platinum was small. It was also shou n that 
chlorine mixed with chlorine atoms, when introduced J^^o ‘ydrogem 
in the dark, reacted rapidly to form liydrogen chiondo. Ihis 
experiment gives a direct verification of the Neriist media m.sm foi 
the photochemical reaction of hydrogen and chlorine. 

Schwab and Fricss employed a glow disd.arge m chlorine at a 
pressure of < 1 mm. to produce chlorine atoms. In much the 
Lme way as for the production of atom.c 

Streamed rapidly through a quartz discharge tube, -3 mm. wide 
ftnd 230 cml^lono, fitted with water-cooled irou electrodes. As it 
left the discharge” tube the chlorine contained a small concentration 

30 Chem. Soc.^ 1933, S5, 130. 

Z. JSleidrochem., 1933» 39, 686. 
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of atoms whicli diminished as the distance from the discharge 
increased, due to recombination in the gas phase and on the walls. 
The spectrum of the discharge showed the line spectrum of chlorine, 
thus p^o^^ng that atoms were present. The actual streaming 
velocity of the chlorine through the discharge was about 400 cm. 
per sec., aud the time for the activity of the chlorine to fall to half 
its value was about 3 x 10"® seconds. The relative concentration of 
atoms present at any point could be measured by the rise in tempera- 
ture indicated by a thermo-j unction inserted in the gas stream. 

The chemical reactions of atomic chlorine were not extensively 
studied. It was shown, however, that sulphur and red phosphorus 
reacted slowly with the chlorine-atomic chlorine mixture. Copper 
and chroiikium trioxide reacted more rapidly, and metallic tin was 
vigorously attacked, with a considerable rise in temperature. 
Atomic chlorine also reacted with methane, chloroform, and with 
carbon monoxide. 

Experiments with atomic bromine have been carried out by 
Schwab.®® The technique used was very similar to that in the 
study of chlorine atoms, and consisted in pumping a stream of 
bromine vapour tlirough an electrical discharge at a pressure of 
0*1 mm. The line spectrum of bromine was observed in the dis- 
charge, showing that atoms of bromine were present, and it was 
estimatcil that from 10 to 40 per cent of the bromine in the dis- 
charge zone was in the atomic form. Further study of the reactions 
of atomic bromine was, however, prevented by the fact that bromine 
atoms were found to recombine on the walls at every collision, to 
re-form molecular bromine. It was therefore impossible to remove 
the gas containing the free atoms away from the discharge zone, 
aixl can out experiments with appreciable atom concentrations 
simiia. .)se alreaely described in the cases of atomic hydrogen, 
oxygen and chlorine. 

Other Short-Lived Radicals. — A number of other free radicals 
exist under conditions which so far have not permitted a detailed 
study of th(Mr properties to be carried out. Of these the most 
interesting is perha]>s the hydroxyl radical, OH, which has long 
been associated with the series of emission bauds, the strongest 
of which is situat(‘d at circa 30(54 a., in the spectrum of an electrical 
tliscliarge through water vapour, and in that of the flames of 
hydrogen and its compounds burning in air or oxygen. The 
hydroxvl radical is also formed in the thermal dissociation of 
water va]>uur at temperatures above about 1000®. Bonhoeffer 
and Keichardt ®® have studied the ultra-violet absorption spectrum 

Z. phi/sikal. Chem., 1934, B, 27, 462. 

” Jbid., 1928, 139, 76. 
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of water vapour heated to temperatures between 1000° and 1G00° 
and have observed the OH bauds in absorption under these condi- 
tions The partial pressure of free hydroxyl in their experiments 
was 8 mm. of mercury at 1600° and 0-3 mm. of mercury at 1150°. 

The production of free hydroxyl radicals in the electrical dis- 
charge through water vapour is indicated by the emission of the 
OH hands, and has been verified by Oldenberg by photogiaphing 
the absorption spectrum of the gas in such a discha^e tidie immedi- 
ately after the discharge had been switched oft. The OH radicals 
could be detected by their absorption spectrum for as long as 
0-4 second after interrupting the discharge. This observation 
demonstrates that they have a life period which is much the saine 
as that of atomic hytlrogen, and suggests that it should be pos.^ible 
to study their reactions by streaming water vapour at a high rate 

through an electrical discharge at low pressure. 

Urey and Lavin have attempted to study the chemical reactions 
of free hydroxyl radicals produced by passing a discharge through 
water vapour, using the same technique as for the study of atomic 
hvdrocen They concluded that the gas issuing from the dis- 
Xrgf tube was more reactive than atomic hyiLogeii. a though the 

latJr was undoubtedly present. When nn.xcd with 
example the gas gave a trace of acetaldehyde. In later nork 
Lavin and Stewart found that there was an approximate pro- 
portionality between the amount of hydrogen peroxide 
passing water vapour through a discharge and the intensity of the 

OH emission bands in the discharge zone ^ ^ , , 

One of the major difficulties in the study of tlic free liydroxyl 
radical is that one cannot obtain it without the siinultaneous 
nrescncc of other radicals. When produced from water vapour it 
fs admixed with atomic hydrogen, and Kodebu.sh ^ has shown that 
even if free from other products initially, tlic hydroxyls could 
TuTer^o a surface react/on OH + OH = H,0 -H O. leading to 

hVee ^mine ^NH, is a^rlidical which is associated with emission 
bands in the spectrum of a discharge through ainmoma or nitrogen- 
hydrogen mixtures at low pressures. The information about the 
comical reactions of this substance is, however, singularly incom- 
nlete Lavin and Bates produced the radical by passing ammonia 
£ongh a dLharge tube at low presanre.- Addition of ethylene 


3* J, Phys, Chem., 1937, 41, 293. 

3iJ, Anicr. Chem. Soc., 1929, 51, 3290. 
38 Proc. Nat. Acad. Set., 1929, 15, 829. 
3^ y. Phya. Chem., 1937, 41, 283. 

»« Proc. Nat. Acad. Set., 1930, 16 , 804. 
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to the gas passing away from the discharge gave rise to a yellow 
lumiuescencc, and a white solid was deposited which gradually 
changed to an oil and then to a black solid. Oxygen produced a 
blue-green luminescence when added to the gas stream, and the 
formation of oxides of nitrogen could be detected. Fragments of 
metal placed in the gas stream destroyed the active material, but a 
plug of zinc and chromic oxides, which is able to cause hydrogen 
atoms to recombine, had no effect on the gases from the ammonia 
<lischargc. Presumably, therefore, the acti\nty is not associated 
with the presence of atomic hydrogen, and it may well be that the 
inline radical is the active agent. Tliis problem is one in which it 
shoukl be possible to supplement the existing experimental evidence, 
and so jilacc the iminc radical on a sure basis. 

Active Nitrogen. — Active nitrogen is produced by passing a 
condensed electric discharge from an induction coil, with a spark- 
gap in series in the circuit of its secondary, through nitrogen at a 
pressure of loss than 1 mm. Alternatively a high frequency 
electrtxleless discharge can be pa.ssed through the nitrogen. In 
cither case it is found that when the discharge is switched off the 
gas in and near the discharge zone continues to emit a feeble 
yellowish luminescence bir some time. If nitrogen is being streamed 
through the discharge, then the gas passing away from the dis- 
eharge zone emits the yellow glow. Its persistence is governed 
entirely by the conditions {pressure, temperature, foreign gases 
jnesent, and nature of the walls of the containing vessel), but in 
large bulbs coated on the inside with iiietaphosphoric acid, the 
ghnv has been found to persist for six hours or more.®® Natui'ally, 
it becomes exceedingly feeble towards the end of this time. 

'iliis glowing nitrogen is fouufl to be endowed with abnormal 
chemical a« iivity and is calkxl active nitrogen. ^Vhethe^ this active 
form of nit: eeii eaii c<.>rrectlv be called a free radical of short life 
is doubtful. ..lit it is certainly sufliciently akin in its reactivity to 
substiinees sueli as jitomic hydrogen or free alkyl radicals to justify 
its {h'serij)tion in this chapter. Tlie iii-st systematie observations 
on aeti\i' iiitrog»-n were made by Lord Rayleigh (then the Hon. 
R. J. .Strutt). •*“ The aj)paratus employed is shown in Fig. 51. 
Nitrogen was j)urilied in the bulb A by heating at 300® with 
a liquid sudium-potjissium alloy i>, and was admitted to the 
tlischarge tube by the linc-ailjustnient stopcock F. The effect of 
adding oxygen to the nitrogen could be e.xamined by means of the 
line ca])illarv //. The dischuige was located at E between the two 
platinum electrodes, and ul)servati«jns on the chemical reactions 

Raylcigb, Proc. Boy. Soc., 1935. A. 151, 507. 

Rayleigh, ibid., 1911, A, 85, 219. 
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of the active nitrogen could be made in the bulb J , which could be 
modified to suit the particular aspect of the problem being studied. 
The manometer G served to indicate the pressure in the apparatus. 
Tills could be adjusted by altering the setting of the stopcock F. 

The chemical reactions of active nitrogen were for the most part 
studied qualitatively. With yellow phosphorus a nitride was formed 
together with a certain amount df red phosphorus. Arsenic gave 
a nitride which could be detected by boiling with sodium hydroxide 
.solution, when aimuonia was evolved. With sulphur cldoride 
hydrogen sulphide, or carbon disulphide a blue solid was formed 
wiich was taken to be sulphur nitride (NS)^, while carbon disulphide 
formed a broNsm solid, believed to be polymerized carbon mono- 
sulphide, in addition to nitrogen sulphide. Certam metals were 
transformed by active nitrogen into their nitrides ; thus mercury, 
zinc, cadmium, and sodium all gave nitrides, to which qualitative 



tests were applied. Active nitrogen reacted with mtne oxide, 
forming nitrogen peroxide and nitrogen. The absorption of active 
nitrogcui by phosphorus was used by Strutt in measuring the con- 
centration of active nitrogen in the gas passing away fiom the 
discharge tube, and a value of about 0-5 per cent was obtained. 
The precise figure naturally depends on the experimental conditions 

^'"winey' observed that the glow of active nitrogen was destroye.l 
catalytically by metals such as platinum, iron, and silver. n 
studving the reactions of active nitrogen with certain gase.s, W illo 
and Hideal observed that reactions could take place which lequircil 
about 50.000 g.cal. per g.mol. to bring them ii'jout. Hydrogen 
iodide, for example, was decomposed readily. The critical incre- 
ment for its decomposition is 45,700 g.cal. Hydrogen hrom.do 
(crit. increment 50,000 g.cal.) was decomposed less readily, am 
hydrogen chloride (crit. increment 90,000 g.cal.) was unafiected 

“ J.C.8., 1927 , 2188 . 
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by active nitrogen. Tliis affords a measure of the energy available 
in the active gas. 

The actiWty of active nitrogen was not confined to the initiation 
of chemical reactions, however, for it was also capable of exciting 
spectra without any chemical change taking place. Thus, for 
example, admixture with iodine vapour gave a beautiful blue 
luminescence, and with the vapour of mercury or tin halides the 
band .spectra of the molecules of HgCl and SnCl were excited. In 
these cases there was no chemical reaction. With sodium, on the 
other hand, formation of the nitride was accompanied by the 
excitation of the line spectrum of the metal, and with many carbon 
compounds the cyanogen bands were excited. Yet other substances 
functioned purely as diluents to the glow, among these being 
liydrogeu and carbon dioxide. 

The production of active nitrogen is catalysed by the presence 
of anuuints of the order of 0-1 per cent of impurities such as oxygen 
or methane, but it has been established that the afterglow can also 
be observed in chemically pure nitrogen.*® The glow associated 
with active nitrogen can be destroyed by heating to 300°. Active 
nilv«)gen is found to be electrically conducting, i.e. it contains ions. 
This, however, has been shown to be a secondary effect associated 
with th(t in.sertion of electrodes into the gas stream, and it is almost 
certain that chargtal particles l)lay no part in the chemical reactions 
<,»f the active gas.^® 

The nature of active nitrogen has been the subject of much 
<liscussion. The yell(*w glow shows a band spectrum which consists 
of a selection of the bantls of the first positive group of nitrogen. 
The intensity bands in the rod, yellow and green is considerably 
enhanced. spectrum is due to the emission of light from 

c.vcited nitr* ■ molecules. 

Strutt suj)p(tM‘(l that the luminosity represented the emission of 
the energy tif iccomltinati«'n of two nitrogen atoms in a bimolccular 
reaction. •“ Later Spom-r suggested that the luminosity arises 
from the ( hemilumines< ent recombination of two nitrogen atoms in 
presence of a nitrog^-n molecule. Thus 

N -- N ; - X, __ X. -f X^* {-^Radiation) 

The molecule N.,’*' i.s llu^ <‘neigy-rich molecule from which radiation 
takes jdace. In essence this is the explanation which is now 
generally accepted, althougli some modification of Sponer’s theory 
has been nece.ssaiv tui aceount f>f the fact that the energy of 

Baker and Strutt, Her.. 1014, 47, 2283. 

Willey ajul Sjiriugfellow, J.C.S., 1932, 142. 

** I’roc.' .bW., 1012, A. 86, 203. 

«Z. 1025. 34 , 022. 
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recombination of nitrogen atoms was insufficient to account for 
some of tbe features of the spectrum of tbe afterglow.^® 

In summarizing the present position of the problems presented 
to the chemist by active nitrogen, one is compelled to admit that 
the question of the origin of the luminescence has not been satis- 
factorily settled. The systematic investigation of the chemical 
reactions of the active gas is, moreover, very incomplete, buch 
facts as we have are indeed based largely on qualitative e\’idcnce. 
With regard to the nature of active nitrogen, we still have no con- 
clusive evidence. It seems probable, however, that the chemically 
reactive gas contains metastable nitrogen atoms and also metastable 
energy-rich molecules. The bulk of evidence is against the existence 
of a reactive molecule N3. analogous to ozone. AN illey has 
shown that nitrogen can be chemically active and yet sliow no 
visible glow, a fact which lends support to the view that the 
cencc of active nitrogen is a secondary eftect arising from the high 
energy imparted to the nitrogen by the electrical discharge. 

« lor a full discussion of the physical aspects of this subject. 

0 / Ihe Second Kind. Their Hole in Physics and Chemistry, by L. J. B. W illcy. 

Edward Arnold, 1937. 

*"> J.C.S., 1927, 2831. 


CHAPTER X 

NON-METALLIC OXIDES AND RELATED COMPOUNDS 


Oxides and Oxyacids of Boron. 

In addition 'to the well-known compound boron trioxide and the 
acids derived from it, several suboxides and acids with reducing 
properties have been described. Thus an unstable oxide with the 
empirical formula BO is formed in the reaction between boron and 
zirconium dioxide at 1800 °.^ This is probably similar in type to the 
oxide SiO, which is obtained by the high temperature reduction of 
silica. = In neither case has the chemistry been studied in any detail. 

Two other suboxides, BjOj and B^Og, have been described,* 
though their characterization is far from complete. Both may be 
regarded as derivatives of the hydrolysis products of magnesium 
boride, During the hydrolysis with water, hydrogen is 

evolved and two acidic substances formed. The first, Hi2B40e, has 
been isolated as the ammonium salt (NH4)2B4HioOa and when 
Incited gives first II.,B405 and then B4O5. The second, H2B2H4O2, 
which has been isolated as the potassium salt K2B2H402, gives the 
oxide BjOj. The existence of these two suboxides has not yet 
been adequately confirmed, though there is no doubt that com- 
])()un<ls with rerlucing properties are formed both in the hydrolysis 
of ina'jnf'; , boride and in the reaction of boron hydrides with 
wat- r 'T alkalis. Stock, for example, describes a potassium 
hv}Mi!.i>iatf K„H..HgOo obtained in the reaction of B4H10 with 

KUli, 

ILHio -b 'IKOH = ‘2K2B2H6O2 + Hg 

The corre.sj)(Uiding sodium, rubi<liiiin and caesium salts were also 
prepared and the same .salt was obtained in the reaction of diborane 
with either solid or aqueous alkali. These salts have very strong 
reducing properties. 

* Zintl, Morawic-tz and CJastingcr, Z. anorg. Chan., 1940, 245, 8. 

a Zintl, ibid., 1940, 245. I. 

^ Travers and Ray. Proc. Roy. Soc., 1913, 87, 163. Ray, J.C.S., 1914, 
2162 ; 1918, 803 ; 1922, 108S. Ray. Quart. J. Indian. Chem. Soc., 1924, 
1, 125. See aUo Wiberg. Z. anorg. Chan., 1930, 191 .49; Stock, Hydrides 
of Boron and Silicon, 1933. 
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Hydrolysis of the boron subchloride B2CI4 occurs without evolu- 
tion of hydrogen, and yields a solution with reducing properties 
which arc attributed to the acid B,(OH),.'- The methyl ester 
B«(OCH,)a was prepared by treating the chloride BCUCHalaCl \\itli 
sodium amalgam and on hydrolysis gave the free acid as a white 
solid which was soluble in water. 


Carbon Suboxide. 

Carbon suboxide. C3O,, is a gas at room temperature. It boils 
at 6° and has a melting-point of — 111-3 . It has a pungent 
odour and is toxic. Several early investigators prepared what 
they believed to be suboxides of carbon, = but the substance C3O3 
was first identified by Diels and Wolf.» who obtained it by heating 
a mixture of diethyl malonate with a large excess of phosphorus 

pentoxide to 300®. 

CHalCOOCaHs). = C3O2 -h 2H2O + 2C2H4 
The suboxide is also formed by heating other esters of maloiiic 
acid or malonic acid itself with phosphorus pentoxide and is readily 
separated in a state of purity by fractionation. Low yields are 
usually obtained, this being due m part at least to the readinc.ss 
rf ^vlth the’ oxide pol>;merizos on heating. Various otl.r 
methods of preparing the suboxidc are available. The pj^^emc 
decomposition of diacetyltartanc anhydride gives a moderate 
yield while it has been reported that carbon monoxide is decom- 
posed in an ozonizer into the suboxide and carbon dioxide. 

4CO = C 3 O 2 + COa 

The action of heat on carbon suboxide produces two reactions, 
nrilvineriratioil and the second a decomposition. The de- 
composHion reaction at 200° takes place according to the equation 

C3O3 = CO3 -f Cj 

The initial products of this reaction are carbon dioxide and a gaseous 
substonce which Klcmenc. Weehsberg and Wagner termed di- 
carbon." The alisorption spectrum of carbon suboxide undergoing 
1 cifinn -it 200® was photographed and the Swan bands of 

carbon^were observed. These bands in an ab.sori)tion spectrum are 
definitely associated with absorption of light by tlie molecule Cg 
in the gaseous phase. Further evidence for the above mode of 
decomposition of the suboxide was furnished by the formation of 
carbon^dioxidc, but not of carbon monoxide, in the decomposition 

‘Stock. Brandt and Fischer. Ber. 1925, 58. 043. 

t f ’ Ce^^n and Kobe. (or. 

: OU; Be"%925. 58.' 772. • Z. CW. 1934, A, 170. 97. 
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of tlie suboxide (provided oxygen was excluded). Moreover, a 
solid deposit of graphite formed in the heated vessel in which the 

decomposition was taking place. 

Gaseous carbon suboxide is relatively stable when kept in dry 
glass apparatus at room temperature. It polymerizes rapidly on 
heating, however, and the presence of the polymeric form catalyses 
the polymerization at room temperature. Liquid carbon suboxide 
polymerizes readily to a dark red solid which is soluble in water. 
On' heating this polymer to 37° it loses carbon dioxide and forms 
a solid product which is only partially soluble in water. It may 
be noted in this connexion that carbon subsulphide, which is the 
sulphur analogue of the suboxide, and which is obtained by pass- 
ing carbon disulphide through a glass tube heated to 600°, also 
polymerizes to a solid when heated to 120 °. 

The chemical reactions of gaseous carbon suboxide are of consider- 
able interest. Thus the oxide will explode when mixed with 
oxygen and ignited, carbon dioxide being produced. It yields 
malonic acid when treated with cold water, while with ammonia 
it forms maloiiamidc, 0112 ( 00 X 112 ) 0 . With dry hydrogen chloride 
malonyl chloride is produced. 


C 3 O 2 d- 2HC1 = CH2(C0C1)3 

T’he reactions with numerous organic compomids have also been 
iiiyestigat»Ml. 

There is little doubt as to the constitution of this oxide. Its 
va])our density aiul molecular weight are in accord with the formula 
O 3 O.. Quite recently bond distances in the gas state have been 
studied by the methods of <Tectron diffraction and it has been found 
that the (' — O and 0 — 0 distanee.s arc 1-18-1-20 and 1-27-1'30 a., 
respectivelv.*' ITie moIe<‘ule is linear (O -0 C — 0 ■ O), but if the 
biaids w ! .• ordinary double bonds the interatomic distances would 
be 1-2S , ■ ’-33 A.. r«*s])ectiyely. This discrepancy has been inter- 

preted U' ng from resonance in the molecule of the suboxide. 

Pentacar'. jji dioxide. CV-L. the formation of which in very low 
yield as a see,ond;uy juoihict (*f the polymerization of C 3 O 2 at 200 
was claiminl by Klemene ainl Wagnerd- is de.scribed as a relatively 
stable substanee. Its boilin^-])oint was given as 105 i 3°. The 
existence itf this oxi«le was denied bv Diels and has not been con- 

to 

firmed l->y any other worker. It is noteworthy that its formation 


Diels and Wolf, Ikr.. HlUa. 39, GS9. 

** Hoer.seli, lOS.'i. 65, 311: Pariling and Brookway, Proc. 

Xut. Aoul. Sri.. 1933. 19, Stiti. S<c o /. n’o Thompson and Healey, Proc. Roy. 
Roc., 19315. 157, 331 ; 'J'hom}JH«in, Tran'S. Faradny Soc., 1941, 3*7, 249; Ix>rd 
and Wiit;ht, ./. Chem. Physics, 1937. 5, ♦542. 

1937, 70, 1850. Ibid., 1938, 71, 1197. 
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was observed by Klemenc and Wagner only with carbon suboxide 
prepared by the decomposition of malonic acid : more than two 
hundred experiments made with suboxide prepared from diacetyl 
tartaric acid gave no trace of pentacarbon dioxide. This suggests 
that the supposed new oxide may in reality have been an impurity 
produced in preparing the suboxide, though it is impossible at 
present to arrive at a final conclusion on this point. 


Oxides of Nitrogen. 

The formula; of the oxides and oxyacids of nitrogen known at 
present arc as follows : 


NjO 

NO 

NjOa 

N0j(N204) 

N*0. 

NO 3 


HNOj 

HNOa 

HNO 4 


H\'ponitrous acid 

Nitrous acid 

Nitric acid 
Pcroitric acid 


Nitrous oz’ide has a linear molecule,” the bond lengths in which 
are accounted for by postulating resonance between the structures 

- •N=N=0- and :N=N— O:" . Although it is formed in the decom- 
position of hyponitrous acid, it does not function as an “.-iMride 
L the sense of forming the acid or its salts on treatment « ith water 

oxide is a molecule with an odd number of electrons and is 
paramagnetic. The N-0 interatomic distance is 1-14 A n^.di is 
intcrme^ate between the values for the structure N=0 (1 18 A.) 
and N^O (106 A.). The structure may be represented as .N -U.. 

or as a resonance hybrid between the forms +:N-0:-, ;N=0: and 
-N=6-+ ChcmicaUy, this oxide shows unsatiirated character 
ill the formation of the nitrosyl halides (e-*/- NOCl), winch aic 
believed to be covalent. Alternatively the odd 
Lt with formation of the nitrosyl or 

Various nitrosyl salts Oilmen, e^.^NOClO, and NOBr,^( 

are i„ the co-ordination of nitrosyl groups m 

"xes^ltln nitrosyl carbonyls, three electrons arc, in effect, 

1 4-rf-v flio pf'iitriil incfc&l fttom ySc^ 

eesquioxide. N, 03 , probably exists only in the solid state. 

The product obtained by oondensmg and solidifymg ““ equi- 
molccular mixture of NO and NO^ melts sharply at - 103 , 

1. Schomaker and Spurr, J Amer Chem 

»» Klinkenberg, Ilec. Trav. Chtm. Pays Bos, 1»37. 56, 74«. 
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colour of the melt changing from blue to green with increasing 
temperature due, it is believed, to increasing dissociation into NO 
and NOo. In the vapour phase the molecule is almost completely 
dissociated.^* The structure of N2O3 has not been established by 
physical methoiis. Chemically it behaves as an acid anhydride, 
giving the unstable nitrous acid with water and nitrites with alkalis. 
The most probable structure is 0=N— 0 — N=0. On mixing NO2 
enriched in the isotope with NO containing the nitrogen isotopes 
in the normal ratio there is a rapid exchange, which is accoimted 
for by the alternative modes of dissociation in the symmetrical 
structure shown below.'’ 

N"0 + N'^Oa 0— N»— O— N'®— 0 N'^Oa + N'®0 

.\ ilrogen Dioxide . — This oxide is so familiar that it is surprising 
to find that the structure is not yet known with certainty. The 
mcuionier, NOj, an ‘ odd ’ molecule, is paramagnetic. Loss of an 
«'lectri)n vielcLs the nitronium ion, NO*,"^, which occurs in concen- 
trated nitric acid, in several well-defined crystalline salts [e.g. 
NOjClUj, NOoPFg, (NOglaSnFg, NOaAuF^) and also in solid 
nitrogen pento.xide (NOo+NOa" : vide infra). The NO2 molecule is 
non-linear. Thus spectroscopic measurements give the O — N — 0 
bond angle as 110-120°,'® whereas electron diffraction gives a value 
of 132 4- 2°, with an N — O distance of 1*20 a.^ (the theoretical 
value for N - 0 is 1-36 and that for N=^0 1-15 a.). Pauling has 
expresse{l tlie structure in terms of resonance between the forms (a) 
ami (/;) below ; 



Ihe .structure (c) for the <limer, NgOj, is indicated by X-ray 
inea.surenients on the .sctlitl and by spectroscopic measurements, 2*' 
altliough a .structure witli twc) oxygen atoms bridging the nitrogen 


Purcell and (.’lue.>jniaii. J.C.S., 11)32. 820. 

‘■Liefer, J. Chon. Phi/ifirs, l‘)4U, 8, 301. 

Woolf and P^inelens, J.C.S.. lOoO. 

Sutherland and Penm-y. X<ilure. 1935. 136, 14G. 

Maxwell and Mo.dey. ./. Chem. 1940, 8, 738. Claoasoii, Donohue 

and Seboraaker, ibid., 1948, 16, 207. 

Hendricks, Z. Pht/si/c, 1931, 70, 099; Sutherland, Proc. Roy. Soc., 1933, 
141, 342. 
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atoms is not excluded. Chemically, nitrogen dioxide behaves as 
the mixed anhydride of nitrous and nitric acids. 

NilTogen pentoxide^ which is prepared as a white crystalline solid 
by distilling nitric acid with phosphorus pentoxide, behaves 
chemically as the anhydride of nitric acid. In the solid state its 
lattice has been shown to contain the ions NOg-*- and NO^- with 
N— O distances of M5 and 1-24 a. in the cation and anion respec- 
tively. Its structure in the vapour state is believed to be 

O-N 0 NOa, but there is uncertainty as to the N — 0 — N bond 

angle The solid oxide sublimes readily without melting and the 
vapour phase dissociation into NO^ and is familiar as one of the 

classical examples of a unimolecular reaction. , i ot 

Nitrogen trioxide was described by Schwarz and Achonbacli - as 
a white solid which decomposed above — 140^ into NOg and 
It was prepared by passing NO, and O, in a ratio 1 : 20 and at a 
pressure of 1 mm. through a glow discharge in a U-shaped discliarge 
tube, the lower part of which was cooled m liquid air. Tins work 
has, however, been criticized by Klemeno and Neumann and 
there is some doubt as to whether the solid compound is formed 
under such conditions. Several workers have noticed new hands 
in the absorption spectrum of ozone mixed with either or N.O,. 
Lowry and his co-workers.“ for example, found that when nitrogen 
pentoxide vapour was mixed with a small proportion of ozone a 
blue gas was produced which decomposed with luminescence at 
100° It seems probable that under such conditions NO, is formed 
in the gas phase, hut that it is very unstable. The solution of the 
gas in water has strong oxidizing properties, which are not due to 
hydrogen peroxide. It may be concluded that NO, does not contain 
the peroxide link and that this oxide is not the anhydride of pernitric 

^'"'Hyponitrous .Ici'd.— Several methods are available for preparing 

salts of this acid. Sodium nitrite may, for * 

sodium amalgam, vieldihg the pentaliydrate Na,N,0,.oH,0, irliith 
may be dehydrated in vacuum. The mam reaction is ; 

2NO,- + 4Na -1- 2H.,0 = N,0,- - + 4Na+ -f 4011- 

The free acid is forincil as a white crystalline solid on evaporating 

•' Orison, Eriks and do Vries, Ada Cnjst., 1950, 3, 200. 

« Btr.. 1935. 68 , 343- 

Zf anorg. Chem.t 1037, 232» 210. , o j i / ioq -7 

« Lemon I>owry. J.C.S., 1409 I^wry and Seddon. f-- 193^. 

1401 ; 1938. 020. See aUo Warburg and Lc.thuuscj, ^ ,’o 2 h' 

743 • 1907 23, 209. Schumacher and Sprenger. A. Chem., 1928, 

136,' 77 V 1929, 140. 281 ; 1929, B, 2. 207. Sprenger, 2. EUktrochem., 1931. 

37, 074.' Y 
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the solution obtained after decomposing the silver salt with ethereal 
hydrogen cliloride 

AgoNjOa d- 2HC1 (in ether) = 2AgCl + HgNaOs (in ether) 

The solid decomposes on standing, or when heated, giving nitrogen, 
oxkles of nitrogen and water. It is soluble in water, but nitrous 
acid is formed in the solution. The salts are more stable : they 
and the free acid have strong reducing properties. 

Hj'ponitrous acid is a weak dibasic acid, the values for the first 
and second ionization constants at 25® being : k' = 9 x 10~® ; 
j." = j.Q X 10"“.-® Both acid and normal salts have been pre- 
pared. Esters {e.g. have molecular weights corre- 

s])ontling to tlie double formula. The molecule may be written as 
H — O — N=N — O— H, but it is probable that it is non-linear and 
that the (Oil) groups occupy the trans position, since the esters 
have a very small moment in solution.-^ 

'riie dibasic nitrohgdroxglamic acid, H 2 N 0 O 3 , is known only in the 
ft>rm of its salts. The sodium salt was prepared by Angeli ^ by the 
interaction of hvdn^xvlamine hydrochloride, alcoholic sodium 
etlioxide and ethyl nitrate. Salts of other metals are also known : 
all are readilv o.xidized and on acidification evolv'ed nitric oxide. 
I’lic theoretical anhydride would be NjOg. but the acid is not directly 
related to any oxide of nitrogen, and its structure is unknovsTi. 

Silroxft acid exists only in solution, and even then changes readily 
to nitric ari<l and nitric o.xide. There is little direct evidence as to 
the structural formula, but the chemical evidence, especially the 
foi tnation of iiitro (.\ — NOn) •'^nd nitrite (A — O — N=0) derivatives, 
sngecsts t! there is a tautomeric equilibrium between the two 
forms A . ’ U. 'I'he nitrite ion is triangular in shape. 


II 

1 

H— 0— N 0 Os— N O 


(A) (n) 


(c) 

Fio. y’J. 

-* Latimer aiul ZiiniiKTmaa, ./. Awir/-. C/icm. Sor., 1930. 61, 1550. 
Himn-r ami Partinjrton, J.C.S., 1933, 309. 

CazzeUa, 1890, 26, ii, 17. 
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Nitric acid in the vapour state has been shown by electron 
diffraction measurements «« to have a planar structure with the 
dimensions shown on p. 326 (C). The nitrate ion is also planar, Hke 
the borate and carbonate ions, and unlike the sulphite and chlorate 

ions, which are pyramidal. 

Pure nitric acid ionizes according to the equation : 


2HNO3 HsNOa-*- + NO3- 

(c/. p. 518) but the ion H 2 NO 3 + has a tendency to dissociate as 

follows : „ ^ 

H2NO3+ ^ N03+ + H3O 

There is good evidence that the nitrating properties of mixtures of 
nitric and sulphuric acid are due to the presence of the nitronmm 

cation (NOj'*').^® 


Oxides and Oxyacids of Phosphorus. 

The formula! of the oxides of phosphoms, tog^her with the chief 
oxyacids (excluding the per-acids H 3 PO 5 and H J "l'*ch ar 
described elsewhere) arc shown below : 


(P4O). (PjO) 
P 4 O 4 

(POd« 

PsO, 

aw 


HjPOa 

H,PO, 

H^P^O. 

fH,P04 
\ HPO 3 
ULPsO, 


acid 

Phosphorous acid 
Hypopbosphoric acid 
Ortbophosphoric acid 
Metapbosphoric acid 
Pyropbospboric acid 


The existence of the first two oxides (P,0 and P 3 O), wh.ch were at 
one time believed to bo formed in the slow oxidation of pliospliorus 
in ether solution, is now regarded as very uncertain. Ihe oxic e.s 
P 0 and P. 0 , 0 , formed respectively in the slow and free com- 
bustiorof phorphorus. are the anhydrides o the two mam series 
oracids They are both related .structurally to the tetrahedral 
P I^olecule as shown below. In P.O. one oxygen atom bridges 
each pair of phosphorus atoms, while in 

oxygen atom joined to each phosphorus atom.“- 1 hose results 
were obtained by an electron diffraction study of the vapours. 
Sulphur reacts with P.0, forming P.O„S.. winch is structurally 
simfiar to P.O,„, the four additional oxygen atoms being replaced 

by sulphur. 

«Maxwoll and Mosley. J. lun 

"Goddard. Hughes and Ingold. A^a/urc. 19-10. IS8, 480. 

.t For a diHcussion of the polypbosp^bono . 

MHampson and Stosick. J. Amer. Chem. Sor., 1938, 60. 1811. 
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P« P4O, PAo 

Fio, 53, — Molecular structure of P4O4 and P4OJQ as determined by 

electron di&action* 


The oxide (POg)^ is fonned as a well-defined highly crystalline com- 
pound (apparently cubic) when P^O® is heated in a sealed tube at 
200-250®. The vapour density is uncertain and nothing is known 
of the structure. It reacts with water, evolving some phosphine, 
and forming a mixture of raetaphosphoric and phosphorous acids. 

2 PO 2 -f 2 H 20 = H 3 PO 3 + HPO 3 

Phosphorus trioxide, PO 3 , is formed when a mixture of phosphorus 
pentoxide and oxygen at a pressure of about 1 mm. is passed through 
a discharge tube cooled in ice.®® A bluish-violet product separate 
on the cooled tube. This is found to be a mixture of phosphorus 
pentoxide and the oxide PO 3 . The aqueous solution has strong 
oxidizing properties and it has been suggested, though not yet 
proved, that the oxide has the structure OgP — 0 — O — POo and is 
the anhydride of perdiphosphoric acid. 

The chemistry of the oxyacids of phosphorus is largely familiar, 
but tljoir structures present several points of great interest. Hypo- 
phosphoroiLs acid, HsPOg, salts of which are formed together with 
phosphine when phosphorus is heated with an aqueous alkali, may 
be isolated as a crystalline solid (m.p. 26-5®). The acid has strong 
reducing properties and is monobasic. Furthermore the anion in 
the Inqjopho.sphites of magnesium and nickel has been shown to 
have a tetrahedral structure, and when the salt KHaPOj is dissolved 
in deuterium oxide no exchange with the hydrogen atoms occurs. 
The structure shown below is therefore indicated. 


0 H 

"X 

Lo hJ 

H5'i>ophosi)horous acid 


O H 

\ / 

Lo oj 

Phosphorous ncid 


HO OH 

\ / 

0=P— P=0 

HO^ OH 

Hypo phosphoric Add 


Schenk and Platz, Naturwisa., 1936, 24, 651 ; Schenk and Rehaag, 
Z. anorg. Ckem,, 1937, 233, 403. 
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Phosphorous acid, H 3 PO 3 , is a dibasic acid, formed in the hydrolysis 
of phosphorus trichloride, and may also be isolated as crystalline 
soUd. The structure of the phosphite ion in salts has not yet been 
verified by X-ray studies, but, from the basicity, that shown above is 

most probable. • 1 • 

Hypophosphoric acid, H 4 P 2 O 6 , the sodium salt of which is very 

conveniently prepared by the controlled reaction of a sodium 
hypochlorite solution with red phosphorus, may be made by decom- 
position of the lead salt with hydrogen sulphide. It crystallizes 
from aqueous solution with two molecules of water, which are lost 
in vacuum over phosphorus pentoxide. The double f^niula 
follows from the fact that the salts are diamagnetic, whereas HoPO^ 
would be an ^ odd electron molecule ’ giving rise to paramagnetic 
salts The acid is tetrabasic and the molecular weight of the ethyl 
ester also corresponds with the formula (C^HsljPoOe. The struc- 
ture is not yet known with certainty, but is probably best repre- 
sented by the formula shown above. The formation of the sodium 
salt by the reaction of alkaline hydrogen peroxide with P 2 I 4 suggests 
that the phosphorus atoms are directly linked, and the relatively 
feeble reducing properties of hypophosphates are not consistent 
with the presence of P-H bonds in the molecule. 

Oxides and Oxyacids of Sulphur. 

The oxi<les of sulphur known at the present time are tabulated 
below while opposite to each is given the formula of the acid of 
which’, in theory at least, it is to be regarded as the anhydride. 

/HjSO, Sulphoxylic acid 

SO iHgSeOa Thiosulphuric acid 

so, 

S-O, thOiUe 

sb; H.SO« 

Some of these acids (H,SO„ H,S 0„ H^SO,) are unknown 

in the free state, although all have been characterized by ilefijiitely 
established salts or other derivatives. The oxides SO and SO, 
have been discovered recently and merit special attention The 
remainder have been known for many years and only m the case 
of the heptoxide, S,0„ is there any doubt as to the 

Sulphur Monoxide.-Tbis oxide was first prepared in 1933 by 
Cordes and Schenk “ by passing an electric discharge through a 
streaming mixture of sulphur vapour and sulphur dioxide at a 
pr^ure between a few millimetres and a few centimetres of mercury. 

Z* anorg. Chem., 1933, 211, 160* 


Hj’drosulphurous acid 
Sulphurous acid 
Sulphuric acid 
Pordisulphuric acid 
Permonosulphuric acid 
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On passing the issuing gas through a U-tube cooled in liquid air 
an orange red deposit was formed : when allowed to melt it decom- 
posed slowly into sulphur and sulphur dioxide in a 1 : 1 ratio. 
Sulphur monoxide is also produced when an electrical discharge is 
passed through sulphur dioxide, in the regulated combustion of 
sulphur in oxygen, in the thermal decomposition of thionyl bromide 
(520’’) or thionyl chloride (900°), or when thionyl chloride reacts 
with stannous chloride or with metals such as tin, sodium or 
antimony. Some of these methods give very low yields. 

In all of these reactions the monoxide is readily detected by 
means of a characteristic ultra-violet absorption spectrum at 
2488-3396 a. The bands are observed by photographing the 
absorption spectrum of the gaseous material formed in one of the 
above preparative methofLs. Their intensity gives a measure of the 
amount of oxide present, and in this way the oxide has been shown 
to be stable at room temperature in dry glass for several days, but 
to be decomposed rapidly at 100°. It has been suggested that the 
absorption bands are due to a metastable So molecule,^* but as 
Schenk points out they are never observed in the absence of 
oxygon. There is, however, an element of doubt as to the true 
molecular species responsible, and it is important that this be 
reiunvecl. 


The monoxide reacts readily with metals, forming sulphides, and 
with eliluiine aiul bromine to yield the corresponding thionyl 
halides. On sparking with o.xygen sulphur dioxide is formed, and 
the reaction with water at 0 ° gives sulphur, hydrogen sulphide and 
sulphur dioxide. There is some evidence that the orange-red solid 
whieli separates in the discharge tube during the preparation of the 
monoxide is a mixture of pedymeric materials, and not the solid 
inonoxi' ■ Tiie evidence as to the nature of these compounds is 

'■ r.- nor convincing, but it is possible that polysulphur 
oXi'i- • • aininu a short chain of sulphur atoms are formed, and 

tliat sutohur monoxide is a degradation product of these. 

Sulvh'ir Srsti'noxidr. -The blue-green oxide S 2 O 3 is formed by 
adding dry sulphur to liipiitl sidphur trioxide. Excess of the latter 
may be poured oO (it does not dissolve SoOs), and the last traces 
removed in a stmam of carlion dioxide. The oxide decomposes 
slowly at room tejn|i('raturo, forming sulphur and the di- and tri- 
o.xitles. It reacts witli water to give free sulphur together with 
sulphuric, sulphur(»us. and tri-, tetra- and pentathionic acids. 


“Cordes. Z. 1037, 105, 251. 

Ibid.. 1037, 106, 271. 

Sclienk, Z. niiunj. Ch-m., 

B, 51, 113. 


1941. 248, 297; Z. phijsikal. Chcvi., 1942, 
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From tlie formula, the sesquioxide should be the anhydride of 
hydrosulphurous acid, but neither this acid nor its salts can be 
obtained from S 2 O 3 . The vapour density cannot be determined 
because of the ready decomposition, and no solvent has been found 
in which the oxide dissolves without reaction. At present, there- 
fore, the structure must be regarded as completely unknown. 

Sulphur Heptoxide and Sulphur 2'etroxide . — The compound S 2 O- 
was first prepared in 1878 by Berthelot by passing a mixture of 
sulphur dioxide with an excess of oxygen through a silent electric 
discharae Oily drops are formed, which crystallize at about 0 , 
though^Meyer, Bailleul and Henkel “ found that the crystalline 
product described by Berthelot was formed only when excess of 
sulphur trioxide was employed. Maisin,3'> attempting to repeat 
this work, obtained a product to which the formula S-jO^ was 


^^Shur tetroxide. SO,, was prepared by Schwarz and Achen- 
bach by a very similar method. Sulphur dioxide and o.xygcn in 
a ratio of 1 : 10 w’ere passed at a total pressure of 0-5 mm. through 
a glow discharge and the product was frozen out in liquid air. Ihe 
white material which separated was readily freed from dioxide and 
ozonized oxygen by allowing it to warm to - 30 m a strea.n of 
oxygen. The re.sidue was a white solid, some 0-1 of which 

was obtained by operating the discharge tube for 6 hours. Ihe 
white material was analysed by adding potassium iodide solution 
through a dropping funnel, and estimating the iodine formed 
volumctrically and the sulphate gravimetrical y. A ratio of SO, 
to active oxygen of 1 : 1 was obtained wdule the molecular weight 
as determined from the depression of the freezmg-pomt of sulphuric 
acid was found to correspond w'ith the formula bU.,. 

Sulphur tetroxide melts at 3“ and above this te.nperature oses 
oxygen and forms S,0„ With aqueous alkah it g.ves a salt of 
perdisulphuric acid,-' but there is no evidence that either 
of HoSO, is formed with water. Sulphur heptoxide, on the otlier 

hand, is said to give some perdisulphuric acid ivith 

SO. and S..O, have very strong oxidizing properties. Anilini , toi 

example, is oxidized by SO, to nitrobenzene. 

C„H,NH, + 3SO, = C„H,NO, + 280, + H.SO, 

The evidence for the existence of SO, is more convincing than 
that for S O, though it is by no means complete. It is possible that 
S,0, b a mixture containing SO, and SO,, but this point cannot 

vet bo decidefl. 

»* J3cr., 1922, 55, 2923. Bull. Soc. Chim. Bclg., 1928. 37. 3.0. 

« anorg. Chem.. 11>34, 219, 271. 

«* Fichtcr and Maritz, Ilelv. Chxm. Ada, 1939, 22, <J.. 
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Mixed Oxides of Selenium, Tellurium and Sulphur. 

When selenium is dissolved in liquid sulphur trioxide a green 
solid separates from which most of the excess sulphur trioxide may 
be poured off, the last traces being removed by evaporation in 
vacuum. The green substance has the formula SeSOs. It decom- 
poses into selenium and sulphur trioxide when gently heated, but 
is said to be rather more stable than S 2 O 3 . The tellurium compound, 
TeSOg, is made similarly but is considerably more stable. When 
heated in vacuum at 180° it decomposes into tellurium monoxide 
and sulphur dioxide. According to Schenk there is no indication 
of the formation of selenium monoxide either by the thermal 
decomposition of SeSOg or by other methods, such as the passage 
of a mi.xturc of the vapours of selenium and selenium dioxide through 
an electrical discharge. 


Selenium Oxides. 


Selenium gives two oxides, SeOg and SeOg. The first is formed 
by oxidizing selenium in air or oxygen, or by heating it with nitric 
acid. It forms fine white needle-shaped crystals which yield the 
acid HoSeOg with water. This acid is much more stable than 
sul])liurous acid and may be isolated as a crystalline solid by 
evaporation of its aqueous solution in vacmxm over sulphuric acid. 
The crvstals readilv lose water and revert to the dioxide. The 
acid is oxidized to selenic acid only by powerful oxidizing agents 
.such as potassium permanganate, and differs in this respect from 
sulphurous acid, which is readily oxidized. 

Selenium dioxide has an interesting lattice which contains long 
chains of the type shown below, bound together by weaker lateral 
force.s. Sulphur dioxide exists as single molecules 


O 


O 


0 


0 


•Se So Se Se 

\ / \ / \ / \ 

0 0 0 0 


and tellurium dioxide, which is dimorphous, forms ionic crystals. 

Selenium trioxide has defied attempts to prepare it by the more 
obvious methods, ])ut is prod\iced admixed with selenium dioxide 
by the action of a high-frequency discharge on a mixture of selenium 
and oxygen at a pressure of 15-20 mm.'*® The product contains 
20-36 per cent of the trioxide and gives the corresponding mixture 
of selenite and selenate ions when treated with water. The fact 
that no monoxide of selenium is kno^vn has been mentioned already. 


** Z. anorg. Chem., 1937, 233, 401. 

Rheinboldt, Hesael and Schwcnzer, Ber., 1930, 63, 84, 1865. 
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Tellurium Oxides. 

Tellurium forms the oxides TeO, Te02, and TeOs- The first of 
these, TeO, is obtained by decomposing the oxide TeSOg, which 
is formed from sulphur trioxide and tellurium, at ISO® in vacuum. 
In spite of Damiens’ assertion that it has all the properties of 
a mixture of tellurium and tellurium dioxide, the aiial>i^^ical data 
correspond to the formula TeO and the compound {a black powder) 
decolorizes potassium permanganate instantly in the cold.^^ On 
heating in vacuum it is converted to Te and TeOo. No lower acid 
of tellurium derived from this oxide has so far been obtained. 

Tellurium dioxide, TeO^, is formed by burning tellurium m air 
or oxygen oxidizing tellurium with nitric acid, decomposing tellur- 
ites with acids, or by heating basic salts of tellurium {vide wfr<0. It 
is a crystalline solid which, unlike the sulphur and selenium 
analogues, has a low solubility in cold water (1 m 150,000) It is 
readily reduced to tellurium. The oxide is amphoteric. Thus, for 
example, it dissolves in hydrochloric acid, forming the tetrachloride. 
Nitric acid under certain conditions form.s the basic mtmte wTeOo. 
HNOa, and sulphuric acid the basic sulphate 2 Te 02 , SO 3 , both ot 
which’are decomposed by water to give the dioxide. 

Tellurous acid, a very weak acid, is unstable and iapidl> lose.s 
water when liberated from tellurites by the addition of stronger 
acids, tellurium dioxide being precipitated The tellurites, on the 
other hand, are relatively stable salts Some are der.veil frmn 
HjTeOs, but salts of condensed aculs such as lialCjUj and Hjte^Ug 

Telluric acid differs markedly from sulidiuric an< selenic acuLv 
When tellurium is dis.solved m aqua regia with the addition of 
chloric acid the compound H,TeO. .nay be obtained fro... solution 
and re-crystallised from water. This is the ortho for... and the most 
Stable It is a weak hexabasic acid, and both normal and acid salts 
are known. The six OH groups have been .shown by X-ray aiialy.si.s 
to be arranged octohedrally round the tellurium atom. T *e ^ 
dissolves sparingly in cold but readily in hot water. When the 
ortho acid is heated in a sealed tube to 140® it is converted to a 
polymerized acid (H^TeOd^. known as allotellunc acid, a syrup 
whi^is miscible with water, and which, with excess water reverts 
to the ortho form. Allotelluric acid is stronger than the ortho acid 
Both acids are readily reduced to tellurium. Tellurates derived 
from HoTe 04 , or more complex condcn.sed acids are formed by 
fusing tellurites with potassium nitrate or when chlorine is passed 

** Compt‘ rend., 1924, 179, 829. 

pooUn and Partington, J.C.8., 1924. 125, 1402. 
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into an alkaline solution of a tellurite. With a few exceptions 
{c.g. K 2 SO.,, K 38004 , K 2 Te 04 ) tellurates are not isomorphous with 
sulphates and selenates. When they are treated with a strong acid 
ort.hotelluric acid is formed. 

Tellurium trioxidc is formed when HgTeOg is heated to 360®. 
At higher temperatures tellurium dioxide and oxygen are produced. 
The oxide is insoluble in cold water but, with boihng water, slowly 
forms the ortho acid. It functions as an oxidizing agent, dissolving 
in hot concentrated hydrochloric acid with liberation of chlorine. 
With hot concentrated alkali it forms tellurates. 


Oxides and Oxyacids of the Halogens. 

The table below shows the formulae of the well-established oxides 
and oxyacids of the halogens. As is pointed out in detail later, a 
number of the oxyacitls cannot be i.solated in the pure state, though 
their salts have been fully characterized. The oxides of fluorine 
and bromine are relatively new. There is as yet no convincing 
evidence for the existence of oxvaci<ls of fluorine or their salts. 


FoO, FgO, 

CUO, CIO;. C103(Ch06) 

ChO,. (CIO 4 ) 

Br., 0 , 15rO,, RfaOg 
10;. I jOo, '1305 


HCIO, HC10„ HCIO 3 
HC104 

HBrO, HBrOa, HBrOj 
IIIO 4 , H 4 I 3 O,. HjIOe 


Oxides of fluorine .- tliscoverv that fluorine forms an oxide 
was made in 19*27 by Lebeau and Damiens,^® who found that in 
the presence of water the electrolysis of molten acid potassium 
llu(>ri<le at below 100 ^ yielded an oxj'gen compound of fluorine to 
whieh the formula I'^O was given. Two years later the same 
authors described the preparation of fluorine monoxide in a 70 per 
cent yirld by b dddiiig fluorine at the rate of 1 litre per hour through 
a platinum tub dip]ting jiust below the surface of a 2 per cent 
acjueous soiiium iiydroxide solution. The reaction taking place is 

2F„ -i- 2XaOH ^ 2N'aF + FoO + H 3 O 

The con<litions for the ]ircparatinn are critical. The boiling-point 
of F 3 O is -- IM-S'^.^’^ It is slightly endothermic, but differs from 
CKO in being non-explo.<ivo. Fluorine monoxide is, nevertheless, 
very reactive and is decomposed bv’ nearlv all metals on heating, 
forming fluorides aial oxides. riios])honis is converted to phos- 
phorus oxyfliioridi' and sulphur to a mixture of sulphur dioxide 
ami tetralluoridt*. \\ lien mixe.I with hj’drogeu and sparked it 
explodes, and will also <‘xplo«lc with chlorine, although the reaction. 


Compt. rend.. 185, 052. Ibid., 1929, 188, 1253. 

Ruff and Meiizc-l. Z. anorg. C/icm.. 1931. 198, 39. 
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in which chlorine monofluoride is formed, never goes to completion. 
Fluorine monoxide is moderately soluble in water ( 6*8 c.c. per 
100 c.c. at 0°) and Henry’s law is obeyed. The solution has strong 
oxidizing properties, but is not acidic, nor does it yield hypofluorites 
when treated with alkalis. The compound CF3OF, which may be 
regarded as a fluoroalkyl hypofluorite, is, however, formed in the 
fluorination of methyl alcohol or carbon nionoxide with silver 
fluoride and fluorine.^ It is a gas (b.p. - 95^) which has strong 
oxidizing properties and is thermally stable up to 450 . 

The second oxide of fluorine, FoOg, is formed when a mixture of 
fluorine and oxygen is passed through a silica U-tube into which 
two electrodes 'are sealed.^* A discharge is passed through the 
streamin^T gas with the tube cooled in liquid air, w'hen a yellow solid 
separates'^on the cooled surface. This is stable only below - 100 , 
above which temperature it decompo.scs into fluorine and oxygen. 
The molecular formula, F^O^, has been established by vapour 
density measurements below - 100". Nothing is known of the 
reactions of this oxide. Its structure is Iikewuse unknown 

Oxuacids of FlMoW/ie.— Hypofluorous acid and fluoric acid have 
not yet been prepared. It is possible that in the preparatian ot 
fluorine monoxide, the gas is formed by the hydrolysis of sodium 
hypofluorite, formed as an unstable intermediate 

2NaEO + HgO = 2NaOH + F 3 O 

When a 50 per cent potassium hydroxide solution is iUiormated 
at — 50" and the product evaporated and repeatedly fused, tlu; 
product retains some oxidising properties, which m.gl.t he due to 
the presence of a (luorate.^ Again, it has been clauncd tl>at when 
a molten mixture of potassium liydroxide and fluor.de is electro- 
lysed in a silver crucible, which served as cathode, with a graphite 


have contained silver iiuora^u, .. ... 

experiments have not, however, been carried further and are at 

present unconvincing. . . ,. 

^ Oxides 0 / C/dormc.— Chlorine monoxide (b.p. 2 ) is norniall) pre- 
pared by pas.sing chlorine over dry mercuric oxide, previously 

heated to 300". 

2IlgO + 2 CI 2 = HgCla-HgO -I- CI 2 O 
It reacts with water forming a solution 

free acid is known only as the hydrate HClO.iHaO (m.p. 30 ). 

« Kellogg and Cady Amer Chem. 

“ Ruff and Monzcl. anorg. Chem., 1J33. 211. 204. ^ 

** DenniB and Rochow, J. Amer. Chem. Soc., 1.U3. 55. -iM. 

Secoy and Cady, ibid.. 1940, 63, 103b. 
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Tliis oxide is familiar as a strong oxidizing agent and because of 
its biglily explosive character. 

Chlorine dioxide (b.p. 11®) is formed as one of the products of 
the decomposition of chlorates by concentrated sulphuric acid. The 
compound is endothermic and the gaseous product of this reaction 
explodes very readily. Liquid chlorine dioxide is also a dangerously 
explosive material. A more stable mixture with carbon dioxide is 
formed when potassium chlorate is reduced by heating with oxalic 
acid and water. Chlorine dioxide is freely soluble in water and 
the hydrate CIOg.SHgO may be isolated. If exposure to light is 
avoided the gas may be recovered unchanged from water solution. 
In the light, however, HCl and HCIO 4 are formed, while with alkalis 
a chlorate and a chlorite result. With dilqte fluorine, ClOg reacts 
to form ClOgF (b.p. — 6 °), which is more stable than chlorine 
dioxide. 

Chlorine dioxide is a molecule with an odd number of electrons 
and is paramagnetic. Electron diffraction measurements have 
shown it to be triangular, with an 0 — Cl — 0 valency angle of about 
1.35® (which is somewhat larger than the Cl — 0 — Cl angle in CljO). 
The Cl — 0 distance is T53, as opposed to 1-G8 a. in ClgO, which 
suggests some measure of double bond character in the two 
equivalent Cl — O bonds of ClOj. 

The o.xiile CloOg is best made by mixing ozonized oxygen with 
a secoiul .stream of oxygen carrying chlorine dioxide, freezing out 
the product and fractionating it.®'* The oxide is a liquid with an 
extrapolated boiling-point of 203°. The molecular weight in CArbon 
tetrachloride has been determined cryoscopically and is only about 
ten j)er cent less than the value corresponding to the molecular 
form CloOg. The liquid is also diamagnetic, whereas CIO3 would 
l)e pa*'e.T'- , > 1 * 0 . The magnetic data are, however, consistent with 

fbe 1 ; -I a small proportion of CIO3. The vapour is probably 

largely .*i.'Sociated to CIO3, but decompo.ses very readily to chlorine 
and o.wgen. When the vapour is mixed with water vapour and 
cooled, chlr»rio and perchloric acid are the main products. The 
reaction with liqui<l water is explosive. 

2CIO3 + H.O = IlClOa + HCIO4 

Chlorine hcptoxitle, the anhydride of perchloric acid, may be 
obtained by dehydrating pure perchloric acid with phosphorus 
pentoxide at or below — 10 ® and distilling in vacuum. It is a 
colourless oil, with an extrapolated boiling-point of 80®. With 
water it regenerates perchloric acid slowly. It explodes on shock, 

Schmitz and Schumacher. Z. anorg. Chem.^ 1942, 249, 238. 

Goodeve and Richardson, J.C.S., 1937, 294. 
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but is more stable than the other chlorine oxides. The Raman 
spectrum shows that the molecule has two CIO3 groups joined by 
an oxygen bridge, with a Cl — O — Cl angle of 128°.®^ The dipole 
moment in carbon tetrachloride is 0*72 d: 0-02 d., which is also 
consistent with a non-linear molecule. 

The existence of chlorine tetroxide, CIO 4 , is extremely doubtful. 
Silver perchlorate is soluble in various organic solvents and it is 
possible that in an inert material such as ether the reaction with 
iodine is : 


I 2 -I- 2AgCl04 = 2AgI + 2 CIO 4 

Silver iodide is precipitated and the ether solution, besides reacting 
with water to form perchloric acid, gives perchlorates on treatment 
with metals such as zinc, magne.sium, tin, bismuth and .silver. 
These reactions can be explained if the above reaction yields ICIO 4 . 

Oxides of Bromine .— three oxides of bromine, Br^O, BrjOg 
and BrOg, have all been prepared comparatively recently. The 
first, BrgO, was obtained by the action of bromine vapour on 
specially prepared and dried mercuric oxide at 50-00®.'^’ Tins 
method resembles the preparation of chlorine nionoxidc by the 
action of chlorine on mercuric oxide, but the yields were low and 
the pure compound was not isolated. Pure Br^O was first isolated 
by Schwarz and Wide by the decomposition of BrO^ at room 
temperature in vacuum. It was found to docompo.se witli evolution 
of oxygen even at - IG®. Tlie primary reaction with water and 
alkali gave hypobromous acid or a hypobromite, though in the latter 

case some broinate was al.so formed. 

Bromine dioxide, BrO„ has been made by streaming a mixture 
of bromine vapour and oxygen at low pressure through a U-shaped 
discharge tube which was cooled in liquid air at its lower end. 
The oxide decomposed at temperatures above - 40 , one of the 
products being 13r,0 (vide supra). The published descriptions of 
this compound imply that it, and also Br^O, were less liable than 
their chlorine analogues to decompose explosively. In its reaction 
with aqueous alkali, bromatc, hromite, hypohromito and bromide 

The oxide Br^O^ is formed as a white crystalline solid m the 
reaction of excess of ozone with bromine vapour at - o to 10 
It is fairly stable at - 80° and may he decomposed without explo- 

“ Fonteyne. Natuurwei. Tijds., 

6* Gomberg. J- Amer. Chtm. Soc., 19..3, 43, 398. 

Zintl and Ricnacker, Ber., 1930, 63, 1098. 

“ J. prakt. Chtm.. 1939, (ii), 152, 167. 

*» Schwarz and SebmeiBser, ^cr., 193^ 70. 1163. 

•» I^ewis and Schumacher, Z. anorg. Chtm., 1929, 182, 182. 
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sion at somewhat higher temperatures into bromine and oxygen. 
This fact was used in analysing the material. The oxide dissolves 
readily in water and the oxidizing properties of the solution are 
accounted for by assuming the primary product to be H4Br30io 
(for which, however, there is no other e\idencc), which decomposes 
as follows : — 

H^BfaOio = 2HBr03 + H^BrOj 

2HaBr04 = HBr + HBrOj + H^O + 20 ^ 

The molecular weight of BrgOg has not been verified by cryoscopic 
measurements, nor is there any evidence bearing on its structure. 

Oxides of There are three oxides of iodine, I2O4, I4O, 

and I2O5, all of which are solids and which, in their reactions, have 
little in common with the oxides of the other halogens. The lowest 
oxide, which is commonly formulated as I2O4, though its molecular 
weight is unknown, is obtained as a granular yellow powder by the 
action of hot concentrated sulphuric acid on iodic acid.®^ The first 
product of this reaction is believed to be a mixture with iodic acid 
of tlie two sulphates Ia03.H2S04 and l204,H2S04, which, when 
treated with water, decomposes as follows : 

Io 04,H2S04 = 1304 + H2SO4 
1203,113804 + 2HI03 = 2I304 -h H3S04 -f H20 

The oxide KO j is only very slightly soluble in cold water, but dis- 
solves ill hot water to form iodic acid an<l iodine. With hydrochloric 
a(*i<l chlorine is evolved. 

I2O4 -f 8HC1 = 2101 -i- SCia -f iH.O 
liie oxide decomposes into iodine pentoxide and iodine when 
lieated to 1.30°. It has lieen suggested that I2O4 be formulated 
as a l)asir ioilate of trivalent iodine (10)103.- 

ihf oxM*' T,()g is fcniiL-d as a vollow solid in the reaction of 
t>Z(.>nizetl 21 with jodine which is gentlv warmed. Reaction 

occurs in jas phase. Tlic product is hygroscopic and with 
water forn , iiixture of iorline and iotlic acid, a reaction which is 
consistent witli its lormulation as the iodate of trivalent iodine. 

3r(!(>3V, -u- 0H2O = 31(011)3 -h 9HIO3 

31 ( 011)3 = 211103 -fin d- 31I0O 

Mil -f 11103 = 31130 + 3I2 

Tliormal decompo-^ition into iodine pentoxide, iodine and oxygen 
occurs rapidly at 

Iodine pentoxide is produced by refluxing iodine with fuming 
nitric acid. It yields iodic acid with water. Iodic acid is also 
dehydrated to the i.entoxide at ca. 200°. The oxide is a non- 
volatile wliite crystalline sulistaiice with strong oxidizing properties. 

Bahl .'itul Partington, 1935, 125.S. 
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Oxyacids of Chlorine, Bromine and Iodine. 

A general comparison of the oxyacids of the halogens shows that 
for the type HXO, the three acids are known only in aqueous 
solution. Their strengths and stabilities decrease from HCIO to 
HIO. Hypoiodous acid changes very rapidly in solution to iodic 
acid and the salts, which cannot be isolated, likewise change to 
iodates. The hypobromites NaBrO.SHjO and KBrO.SHgO have 
recently been prepared by the addition of bromine to solutions of 
NaOH and KOH cooled below 0°. They were found to decompose 

even at 0 ° into bromide and bromate.*^ 

The only oxyacid of the tyye HXO 2 knovm with certainty to 
exist in solution is HCIO 2 . A number of its salts have also been 
prepared. Acids of the type HXO 3 are known for all three haloge^, 
although HCIO 3 and HBr 03 cannot be isolated m the pure state. 
The stability increases from chloric to iodic acid. Salts of these 
acids are well known and the ions have been shown to be pyramidal, 
with the halogen atom situated above the plane of the three oxygen 


Perchloric and periodic acids and their salts are also well known, 
but perbromates (M'BrOJ have never been prepared. The per- 
iodates are also much more complex than the perchlorates, all of 
which arc derived from HCIO,. The commonest form of periodic 
acid has the formula H,10„ and occiins m Ch.h saltpeter as sodiiim 
periodate. It is a pentaba.sic acid which form.s acid .salts. It is 
obtained by di,ssolving iodine in caustic soda solution .and passing 
chlorine, wLn the salt Na,Il 3 lO. separates. This sodium salt s 
suspended in water and treated witli silver nitrate u hen the sa 
Ag;iO. is deposited. The latter is suspended m water anil decom- 
posed by chlorine, and, on filtering oft the si ver chloride aiul 
LaporaUng over concentrated .sulphuric acid, deliquescent white 
crys^tals of HJO. are obtained."^ When heated m vacuum .at 100 
wJter is lost and the meta acid HIO,, results, the acul • 

being an intermcdi,ate.«‘ When HIO, is heated to MO oxygen 
is lost and iodic acid formed. 


2 [IO(OH),] HJnO. 10,(011) — > HIO, 

Periodic acid also forms heteropoly anions with the molybdate and 
tungstate anions. 

FIAT Kovi.^w of German Science, Inorganic Clieinistry. Part I. 172. 
« Vanino. PrUjxirative Che, nic, Vol. I. fJO. 

«« Partington and Baiil. J.C.S., 1J34. 1088. 



CHAPTER XI 

RECENT CHEMISTRY OF THE NON-METALS* 


Compounds of the Rare Gases . — The question as to whether the 
rare gases form compounds or not is still very open. Booth and 
Willson * carried out a thermal analysis of the system argon-boron 
trifluoride, and from the existence of a series of maxima in the 
freezing-point-composition curve concluded that the following com- 
pounds exist in the temperature range — 127 ® to — 133 ° : A.BF3 ; 
A.2BF3 ; A.3BF3 ; A.6BF3 ; A.8BF3 ; A.I6BF3. Recently, how- 
ever, Wiberg and Karbe,® in attempting to extend these observations 
to krypton and xenon, which should form more stable compounds, 
found that none of the three rare gases was miscible in the liquid 
state with boron trifluoride. They concluded that no compounds 
were formed and that the earlier obser\’ations were in error. They 
were also unable to confirm Nikitin’s observations * of compound 
formation between xenon and sulphur dioxide, hydrogen sulphide, 
dimethyl ether or methyl alcohol. A compound, Xe. 2 CeHfiOH, 
with a dissociation pressure at 0° of 1 atm. has been claimed,® 
and the existence of this has not as yet been questioned. 

The existence of hydrates of the rare gases appears to be well 

authenticated, though their compositions are somewhat doubtful. 

The following melting-points and dissociation pressures are given 
by de Forcrand : * 



A,xH,0 

1 

1 

Kr.5R,0 

1 Xe,xHtO 

1 

Melting-point 1 

Dissociation pressure (0°) . 

8^ . 

98 atm. | 

13 ^ 

15-5 atm. 

24 * 

1'3 atm. 


» In reviewing the recent contributions in this field it is impossible to 
mention even the major part of the important work which has appeared 
^nthin, say, the last twenty years. The topics selected appear to the authors 
to have a special interest in current research, or to be promising fields for 
further investigation. a j. Amer. Chem. Soc., 1935, 57 , 2273. 

® Z. aytorg. Chem., 1948, 256, 307. 

< Z.anorg. Chem., IpSG. 227, 81. J. Chem.gtn., 1939, 9, 1167, 1176. CompU 
rend. Acad. Set., U.}i.S.S., 1939, 24, 562, 565. 

* Nikitin, Compt. rend. Acad. Set.. U.R.S.S., 1940, 29, 571. 

^Compt. rend., 1923, 176, 355; 1925, 181. 15. 
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The existence of the krypton compound was confirmed by Tammann 
and Krige,’ and the deuterates Kr.bDgO and Xe, 6 D 20 have abo 
been prepared.* All of these compounds exist only m the solid 
state and are believed to be van der Waals crystal aggregates hke 
the solid hydrates of methane and methyl bromide." From time 
to time the formation of heUum compounds of met^s such as 
mercury, tungsten and platinum has been reported. These have 
usually been obtained by sparking the rare gas m the presence of 
the metal. Though the metals after this treatment undoubtedly 
contain considerable amounts of helium, it is probably a^orbed 
on the dispersed metal, as it is very readily removed and has not 
been shown to change the lattice dimensions of the luetal 

It is convenient at this point to refer to a new group of molecular 
compounds, the so-called clathrate compounds, several of which 



Fio. 54. 


contain rare cas atoms.'” The underlying prmciple in the.r forma- 
tion is the crystallization together of two substances, the molecules 
of one of which in the solid state form a series of caps into which 
atoms or molecules of the second compound can fit, but from which 

‘''IVoTg^LToSouS wl'ich, in their crystallization, can build 
UP such^ages are several aromatic nitro compounds, quinol and 
urea In general these compounds, when they crystallize with a 
second component to form a clathrate compound, do not do so 
in th^r normal forms. The dimensions of the cages formed also 
Umirthe sizes (and particularly the length) of molecules capable of 
Lnctioning as the second component. Considering as examples the 

7j. anorg. Chem., 1923, 146, 179. 

19W) Vol I. P- »• structural determinations flee Clausscii. J. 

^oweU and Rayner, P.49. 

163, 56U. 2 
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compounds formed by quinol, among wbicb are some witb the rare 
gases, we find that the second component may be any one of such 
different molecules as HoS, SO 2 , HCl, KBr, HCN, CO 2 , CgHo, A, 
Kr, Xe, all of which are of the right size to fit into the quinol struc- 
ture. Each enclosed molecule is in a separate cage, the nature of 
which may be seen from Fig. 54. This shows the positions of the 
centres of the atoms making up the six quinol molecules which 
surround each argon atom. When the actual space occupied by 
the atoms which make up the framework is taken into account 
the enclosure is much more complete. The quinol molecules are 
held together by hydrogen bonds. 

The compoxmd has approximately the composition (CeHgOalsA 
and is a stable crystalline sohd with a negligible argon pressure. 
Argon is set free only when the hydrogen bonds in the quinol 
structure are broken by heating or by the action of a solvent. 
The argon is prevented from escaping by the smallness of the gaps 
in the cage, in passing through which it would encounter strong 
repulsive forces. 


Some Compounds of Silicon. 

The halides of silicon differ considerably from those of carbon, 
notably in the much greater ease with which they are hydrolysed. 
A number have been prepared containing two different halogen 
atoms in the molecule {e.g. SiFCla, SiClBra, SiBrlg, SilCIa). Mem- 
bers of the homologous series Si^CIon+o ‘'^re known up to n = 4, 
although our knowledge of the corresponding derivatives of the 
other halogens is less extensive and there are indications that the 
highest fluoride is SioF^. 

Silicon also has a .striking tendency to form chlorides of much 
gieater complexity. Thus when silicon tetrachloride vapour mixed 
with argon is lu-ated to 1000-1100° the compounds SiioCka and 
SijsClj, are fomied. The molecular weights have been determined 
in benzene ^solution. If the argon is replaced by hydrogen the 
compound biiodaoHs results. Both of these chlorides when heated 
at 300 give a complex mixture of products which include a hicrhly 
polymerized monochloride (SiCl)„.i2 A monoiodide (Sil)„ is formed 
similarly by cracking SioTe-*^ These monohalides have strong 
reducing projiorties. All of tlie compounds mentioned are readily 


" Sch%varz and Meckl)ach, Z. nnorg. Chan., 1937, 232, 241. FIAT Review 
01 L.ermau bcience. Inorganic Clu-inistrj-, Part I, p. 200 

“ Schwarz and Thiel Z. anorg. Chan., 1938. 235.' 247.' See aUo Hertwig 
and Uibcrg, Z. ^ut^lrJorschg., 1951. bb, 330. 

‘^Schwuirz and Grenor. Z. anorg. Chem., 1939, 241, 1. Schwara and 
Pflugniaeher, Ber., 1942, 75, 1002. 
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hydrolysed. Their structures probably consist of long chains of 
silicon atoms, with double bonds in the monohalides, but there is 
as yet no record of their X-ray examination. The formation of 
such compounds is a new and highly interesting aspect of silicon 
chemistry. The oxychlorides and oxybromides of silicon, ^'hich 
constitute a long series, the highest identified member of which is 
Si^OoClie, differ fundamentally in that their structures are based 
on the Si— 0— Si linkage. 

Sihxene and Related Compounds.— Hydrolysis of the silicon 
halides and their alkyl or aryl substitution products gives rise to 
very interesting products, a number of which (the silicones) are 
now of major technical importance {vide infra). The structural 
feature common to them all is the intermolecular elimination of 
water between molecules of the initial hydrolpis products, forming 
larger molecules containing the Si — 0— Si linkage. 


^Si— OH + HO— Si^ 


J^Si— 0— Si^ 
/ \ 


✓ 

In the analogous carbon compounds hydrolysis is less easy and if 
water is eliminated the process occurs intramolccularly. 

Hydrolysis of silicon tetrachloride, followed by dehydration, leads 
to silica, which may be regarded as a three-dimensional assembly 
of silicon atoms joined by oxygen bridges of the above type. 
Silico-chloroform reacts with ice-cold water to form the unstable 
polymeric silicoformic anhydride 


2 SiHCl 3 -f 6 H 2 O = (H.SiOljO 4- OUC! 

Hcxachlorodisilane, Si^CU, and octachlorotrisilane. Si^Clg, form 
respectively on controlled hydrolysis silico-oxalic acid and si ico 
mesoxalic acid, both of which arc polymerized solids, the structures 
of which are not known, though it is extremely likely that they also 

contain silicon atoms joined by oxygen bridges. 

Closely allied in structure to the above are siloxene and its deriva- 
tives, which have been exhaustively studied by Kautsky and hi^s 
co-workers.^^ If calcium silicide, CaSi 2 , is treated with a iiii.xturc 
of hydrochloric acid and alcohol, hydrogen is cvolveil and a white 
solid with the empirical formula SigHjO remains. This was named 
siloxene by Kautsky. It is spontaneously inflammable m air and 
a powerful reducing agent. The cyclic structure (1) below lias 
been assigned to it. 


“Schumb and Klein, J. Amer. Chem. Soc., 1937, 59, 201. Scliuinb and 

UoUoway, ibid., 1941, 63, 2753. 

Kautsky aad Uerzborg, Ber., 1924, 57, 1666. 
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Calcium silicide has a layer lattice with the calcium atoms arranged 
in sheets between sheets of combined silicon atoms. The action 
of the acid is believed to be to dissolve out the metal atoms, leaving 
the silicon sheets with oxygen and hydrogen atoms attached to 
their faces. Structure (I) must therefore be considered as extending 
indefinitely in the plane of the paper, with perhaps oxygen bridges 
between the structural units. This structure is speculative and 
unsupported by X-ray work. 

Siloxene reacts with halogens, with partial or complete replace- 
ment of the hyibogen atoms.'* In the product we may envisage 
a new structural unit such as (II). The halogen compounds are 
transfornu'd bv water into hvdroxv derivative.s, the colour of which 
deepens from yellow to black as tlie number of (OH) groups is 
increased. Treatment of the hydroxyl derivatives with acids leads 
to the introduction of acidic groups (e.g. Cl, Br, CH 3 CO 2 ) into the 
siloxene nucleus. The action of ammonia or of amines on the 
halogenated siloxenes also yields a series of amino or alkvl amino 
derivative.-^.'’ Complete chlorination or bromination breaks down 
the compound to the oxyhalides (SiC^oO or (SiBralgO. 

1 lie o.xidation of siloxene either with air or potassium perman- 
ganate gives rise to an interesting chemiluminescence. Siloxene 
and its derivatives are flaky substances with a high adsorptive 
jiower. If a iluorescent dyestuff such as rhodamine is adsorbed 
either on the parent substance or on a product of its partial oxida- 
tit)n. ])ermanganate oxidation gives a luminescence, the spectrum 
of which is identical with the fluorescence spectrum of the dvestufl" 
employed. In this case it appears that the energy of the oxidation 


** Kautsky and Hirsoh, 7j. anorg. Chan., 1»28. 170, 1. 
‘^Kautsky. Ucr., 1931, 64, 1610. 



RECENT CHEMISTRY OF THE NON-METALS 34o 

reaction is handed on and used to excite fluorescence in the adsorbed 

molecules. . ... 

The Silicones.— This term is applied to a group of orgauo-sihcon 

compounds derived from alkyl and aryl sihcon halides by hydrolysis 

and the intermolecular elimination of water. They are thus related 

to the compounds described in the preceiUng section, though their 

structures are much better kno^^'U. Their discovery i.s close y 

bound up with the classical work of Kipping and his school, which, 

however, covered a very much wider field of organo-siUcon c lemii) 

try.i® In discussing the silicones it is first necessary to consider how 

the organo-silicon halides are prepared and hydrolysed and then the 

characterization and properties of the condensed h} dro ) sis pro uc ... 

The intermediates, alkyl and aryl silicon halides, may be prepared 

by the following methods : 

(1) Reaction of a silicon halide with a metal alk>d {e.g. 

SiCl, + HgfCeHs)^ = -f 

(2) Use of the Grignard reagent {e.g. SiClj -f JIgMel biMeCla- 

SiMejCU and SiMeCl^). . , 

(3) Reaction of an aryl or alliyl halide with a Cu-Si or Ag bi 

alloy. . , r, n 

(4) Reaction of silicon and alkyl halides with Zn or Al. 

The first two methods, and a number of variants of them winch 
have been discovered, are largely of academic interest ihe 
Grignard method, however, is very widely applicable 
used for the large-scale production of intermediates. e 

disadvantage that it always gives a mixture of products. In the 
preparation of the methyl silicon chlorides, which ^ o . 

importance, the products are MeSiCl^ (b.p. 60 ), McoSi ( ^P' ' ej’ 

McaSiCl (b.p. 57-6®) and, under suitable conditions, iMe^bi (-6 ). 
The separation of these requires very cflicieiit fractionation. 

The direct synthesis of organo-silicon halides was first achie\e(l 
by Rochow in 1945.i» Taking the preparation of methyl .'silicon 
chlorides as an example, methyl chloride vapour is pas.sed o%er a 
copper-silicon mixture at ca. 300®. The latter is proparet > 
mixing the powdered elements (10 per cent Cu), piessing ein. .uu 
Bintering in an atmosphere of liydrogcn at 1000 . In t ns reac ion 

the main products arc McjSiClj and McSiCla- , ..i • * 

The mechanism of the reaction is believed to involve the inter- 

** The late Professor Kipi>ini'’B work is suininarized in his IJakoriiiii I.x;cturi' 
U, th„ s«.., 1937, 159, 193), l-.r “ 

of the chemifltry of the silicones, Ilochow, Ah 

of the Silica (John Wiley and Sons. In.-.. New York : Chapman a d Hall. 

Ltd.. London. 1951). uho Hardy and MeKson. k 

1948, 2. 25. J, Amer. Chem. Soc., mi>. b7, 
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mediate formation of copper methyl, a hypothesis which is supported 
by other experimental e\'idence. 

MeCI + 2Cu = CuCl + CuMe 
Si + CuCl = SiCl + Cu 
SiCl + Me = MeSiCl 

or SiCl + CuMe = MeSiCl + Cu 

or SiCl -f CuCl = SiClg + Cu 

Thus, if methyl chloride vapour is passed at a low pressure and 
high streaming rate over copper at 250° and then over a lead mirror, 
a copper mirror is formed downstream from the heated zone and 
the lead mirror is removed (as PbiMe^). If methyl chloride vapour 
is passed over heated films of copper and silicon deposited side by 
side on a glass plate, the silicon is attacked only when the plate 
is so placed that the streaming methyl chloride has just passed 
over the copper.-® 

The reaction with copper-silicon occurs with other alkyl mono- 
halides and with halides containing more than one chlorine atom, 
^lothyleuc chloride for example yields two products : 


Clj.Si.CHa.SiCla and 

Cl, 

'Phe process is also ai)j)licable to the preparation of Wnyl- and 
alk}i-c]ilorosilan('s.“^ Silver has been recommended as a catalyst 
for forming aryl silicon halides by this method, and metals such 
as nickel, tin. antimony, manganese and titanium are also active, 
though there is at pre.sent no indication that thev function by a 
similar mechanism. 

The fourth method involves passing the alkvl and silicon halide 
vapours over finely divided zinc or aluminium at 300-500°. In this 
case the reaction mechanism is beheved to entail the intermediate 
formation of a metal alkyl hafide, e.<7. 




2A1 -f 3MeCl = MeAlCI« -f Me^AlCl 
MeAlCl, 4- SiCl, = MeSiCl, + AlCl, 

'I liere are also metliods whereby silicon tetrachloride may be made 
to react directly with certain hydrocarbons. Ethylene, for example, 
reacts with silicon tetrachloride umler high pressure in presence of 
tiK'lallic chlorides or oxvchlorides : 


Hurd and Rochow. J. Chem. Soc., 1945, 67, 903. 

21 Hurd, ibid., 1945, 67, 903. 

2* Shtflter. Kusaiau Cert, of Invention 44934, 1935. See Hard) and 
Megaon, Quart. Jiev. Chem. Soc., 1948, 2, 28. 
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CHgtCHa + SiCU = Cl.CHa.CHj.SiCU 
Tills type of synthesis, if it could be developed to produce com- 
pounds such as MeiSiClj, would be of great value because it would 
eliminate the use of intermediates such as methyl chloride. 

The rate of hydrolysis of aryl and alkyl silicon halides is slower 
than that for silicon tetrachloride, but requires careful control o 
the conditions. The products are silanols [e.g. McgSiCl trimeth vl 
silanol, MeaSilOH), b.p. 98-6"). They condense readily to the 
corresponding disiloxanes (‘JRaSiOH — ► RaSi.O.SiRa). hen wo 

halogen atoms are present in the molecule, more complex uc s 
often result because of the great ease with which the h)i ro }sa e 
loses water. Dimethylsilicon dichloridc, for example, gnes a 
colourless oil with the empirical formula CoHgSiO, containing 
roughly equal amounts of linear diol polyiueis of t le j'pe 
H 0 .SiMe 2 ( 0 SiMe 2 ),, 0 SiMc 80 H and of more volatile cyclic polymers 
containing from 3 to 9 units in the ring. (It may be noted m passing 
that the term silicone was applied originally to this group ot com- 
pounds when it was thought that they were analogous to 'c ones 
and were formed by intramolecular eliminations of water), lypical 
ring and chain polymers are shown below : 

R R R 


RjSi(OH)*-> HO.Si— 0— Si— 


— 0— Si— OH 
R 


iRjSiCOH); 


R R 

O— SiRz— 0^ 

-> RjSi^ 

0— SiRg— O 

Trifunctional organosilicon intermediates (KSiXg) wlicn hjdmljsed 
form solid products of much greater complexity, m which t ere is 
cross linking, made possible by the tlirce (OH) groups a ac le 
to silicon in the original hydrolysate. Tliis type of struc urc is 

illustrated below. 


0 

1 


o 


o 


. . 0— SiR— 0— SiR— o— SiR— O— SiR-0-SiR . 


. . 0— SiR-0— SiU— 0-SiR— O-SiU-O-SiR . 


0 


O 


U 
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Witt aromatic derivatives water is in general less readily eliminated 
and, although it is impossible to isolate the diol Me 2 Si(OH)g, the 
corresponding phenyl derivative Ph 2 Si(OH )2 may readily be pre- 
pared. It is, however, condensed by heating. 

The characteristic modes of condensation of the three t}'pes of 
silicols are often combined in practice. Thus if RgSiC^ is mixed 
with a certain amount of RaSiCl before hydrolysis, the RgSiOH will 
check the growth of chains since it has only one functional group, e.g. 


HO.SiRa-O— 


— SiRgOH + (OH)SiR; 


HOSiRj— 0 


SiRj — 0 — SiR3 


Similarly, SiCl 4 or a compound of the t}T)e RSiClj may be added 
to produce a controlled amount of cross linking. Condensation 
does not always develop to the full extent at room temperature 
and by heating the initial product further water is usually elimin- 
ated, and the silicone becomes more complex. Controlled oxidation 
brings about the same result, since for each alkyl or aryl group so 
removed a potential new Si — 0 — Si link is created. 

Another important general principle is that the addition of a 
small amount of concentrated sulphuric acid to a condensed silicone 

tends to open up the — Si~0— Si^ linkages, probably by the 
formation of unstable esters ^^Si — HSOj^ . These undergo hydro- 


lysis and reform polymerized molecules. If this treatment is applied 
to a mixture of linear and cyclic polymers from Me 2 SiCl 3 mixed 
with some MogSi— 0— SiMe 3 , the result is that the cyclic polymers 
tend to break down into linear pol\Tners with terminal — SiMcg 
groups. 

Silicones have found limited applications as water-repellents, 
lubricants, greases, resins, rubbers, and in hydi’aulic systems. The 
water-repellent property is due to the tendency of a surface film 
to present a hydrocarbon layer to the outer atmosphere. The 
additional jivoperties which are useful in lubricants, greases and 
resins are the high thermal stability, low volatility, and, in some 
applications, the good electrical insulating properties. The rubbery 
silicones, which are made by suitably blending the constituents to 
give a proper measure of cross linking, have the above properties 
and retain their elastic properties at much lower temperatures than 
natural rubbers. Ihe silicone fluids, in which the degree of con- 
densation ha.s been limited, can be made with a wide range of 
viscosity and molecular complexity. They are thermally stable 
and the viscosity changes little with temperature. They combine 
most of the properties already mentioned and have been used, inter 
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alia, in hydraulic systems, shock absorbers, and in the construction 
of electrical condensers. 


The Nitrogen Sulphides. 

Nitrogen forms a series of compounds with sulphur winch 
present some exceedingly interesting structural problenis. ihe 
best known of these compounds, N4S4, is commonly referred to 
as nitrogen sulphide, although its reactions are those of a sulphur 
nitride. It may be obtained directly from sulphur and ammouui 
(los + 4NH3 = N4S4 + 6H,s), but 

reaction of ammonia \vitli sulphur chlonclc (o . LI, 1. ) 

benzene.” It forms orange crystals which sublime readily near 
the melting-point ( 178 °). The compound is eudothenmc and mav 
explode when heated, or on shock. It is soluble in enzciie anc 
carbon disulphide and the molecular weight has been established 

in these solutions. . ^ 

The structure of N4S4 was for some time very uncertani. Un 

alkaline hydrolysis, ammonia is produced and not hyarogen 
sulphide. 

N4S4 -j- 6NaOH + 3H2O = NajSaOa -b 2Na.,S03 + 4NH3 
Under milder conditions of hydrolysis salts of other sulphur acids 
are formed.” This reaction is what would be e.Kpected from a 
nitride rather than a sulphide. No hydrazine is forme on rei uc 
tion. showing that the nitrogen atoms in the molecule are probal)l> 
not joined. It is also probable that the sulphur atoms are not 
directly linked, since reaction with secondary 

all the sulphur into the thiodiaminc Aik jN S~ NAlka- tse ac s 

are best expressed by the cyclic structure (I). 



> \ 

N 

S S 

V '"h 

(II) 



Electron diffraction results confirm the chemical 


evidence and 


»> For details of tbU and other methods of preparation, Yost and 

Systematic Inorganic Chemistry of Ihe Fiflh-nml-Sixth Group ^onmctalltc 

FUments (New York, Prcnticc-Hall, Iiie., 1044 ). 

** GoehrinK, 1947 , 80 , 110 . 

*• Lu and Donohue, J. Amer. Chem. Soc., 1944 . 00, o . 
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give an N — S distance of 1-62 a., tlie distances calculated from 
covalent bond radii being; N — S, 1-74; N=S, 1-54 a. This 
indicates that all the linkages are alike and intermediate in character 
between single and double bonds. The ring in (I) is puckered. 

Nitrogen tetrasulphide undergoes a number of interesting reac- 
tions, the most significant of which are its reduction to N4S4H4 (II) 
by stannous chloride in a benzene-alcohol mixture, and its reaction 
with chlorine when suspended in carbon disulphide to form 
N4S4GI4 (HI). It is very probable that the addition in these 
compounds occurs on the sulphur atom. Thus the hydrogen 
derivative resists fairly strong alkalis, which would be unlikely if 
N— H groups were present, and also gives with formaldehyde the 
compound (NS.CHjOHlj. Had the hydrogen been attached to 
nitrogen the compound SN.CH2NS would have been expected since 
diethylamine with the same reagent gives (C2H5)2N.GH2.N(C2H5)2. 

On refluxing N4S4 with acetyl chloride the compound N3S4CI. 
thiotrithiazyl chloride, is formed. This is a salt of the (N3S4)+ 
radical and by double decomposition reactions other salts are 
obtained {e.g. N3S4NO3, N3S4I, N3S4HSO4). 

The nitrogen sulphide of the formula NS2, which is formed by 
subliming N4S4 with sulphur at 125°,^® is a red liquid which may 
be the analogue of NO2, although there is no direct evidence of 
its structure. The unstable compound NgSg, formed by heating 
N4S4 with carbon disulphide at 100°, may also correspond to NaOg, 
but again no structural evidence is available. A nitrogen selenide 
(N4Se4)j. is obtained by the action of dry ammonia on methyl or 
ethyl selenite (bssolved in benzene : s? it is highly explosive and 
has not been studied in any detail. The tellulrium compound 
Te3N4, formed by the prolonged action of liquid ammonia on 
tellurium bromide,^ is likewise unstable. 


Phosphorus Chloronitride and Related Compounds.^f 

The phosphorus chlorunitrides are a group of compounds of the 
composition (PNCIjln, formed by various methods, the earliest of 
winch was the reaction of gaseous ammonia with phosphorus penta- 
chloride. This gives low yields and better results are obtained by 
heating phosphorus pentachloride and ammonium chloride in sealed 
tubes at 120°, or by refliLxiug these two reactants in tetrachloro- 
ethanc (b.p. 140-3°), distilling off the solvent, and fractionaUy 


=« Uslu r, J.C.S., 1925, 730. 

Strevkcr ami Schwarzkopf, Z. anorg. Chtm., 1934, 221, 193. 
”Streckcr and Mahr, ibid., 1934, 221, 199 
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distilling the residue. A similar reaction occurs between phosphorus 
pentabromide and ammonium bromide. 

These reactions give a mixture of products, the chief components 
of which are the trimer (PNCl 2)3 (m.p. 114®; b.p. 127°/13 mm.) 
and the tetramer {PNCl 2)4 (m.p. 123-5 ; b.p. 188®/13 ram.), but 
smaller amounts of (PNCljlg, (PNCl 2)6 and (PNCIj)? may also be 
isolated. All of these polymers are soluble in benzene, in which 
molecular weights have been determined. During the separation 
by distillation a good deal of material is lost by further polymeriza- 
tion, and this limits the applicability of the distillation method, 
but it is possible that other methods will be found whereby higher 
polymers can be isolated. The monomer and dimer have not been 
prepared. At 250-350® the phosphorus chloronitrides are con- 
verted to an insoluble rubber-like polymer, which swells reversibly 
in benzene. The change in its X-ray diffraction pattern on stretch- 
ing is similar to that which occurs in stretched natural rubber. 
TUs effect is probably due to orientation of long-chain polymers 
(II, below) in the direction of stretch. 

The trimer (PNCl 2)3 has been sho\vn by electron diffraction 
measurements to have a structure consisting of a plane ring (I), 
whilst the tetramer forms a puckered ring. The structures of these 
two compounds have also been studied by the X-ray method. The 


Cl N Cl 
Cl— P'^ ^P— Cl 


N N 

\ / 

P 

Cl ^Cl 


N N 

\ y \ ^ \ y \ 

p p p 

y \ y \ y \ 

Cl Cl Cl Cl Cl Cl 


(I) (“) 

most significant point about the bond lengths is that all the P— N 
bonds are the same, which suggests that there is resonance in these 
molecules just as there is in benzene. The P — N bond length 
corresponds to 50 per cent double bond character. Ionic structures 
probably also contribute to the resonance. 

The phosphoni.s chloronitrides are rather resistant to hydrolysi.s, 
but they react with water in ether solution with replacement of 
Cl by OH. More vigorous hydrolytic reagents give ammonia and 
phosphoric acid. Hydrolysis of the trimer in ether gives the 
two compounds P 3 N 3 Cl 4 (OH )2 and P 3 N 3 (OII)., which are acidic 
and yield well-defined salts {e.g. PaNsO^Agj). The halogen atoms 


** Brockway and Bright, J. Amer. Chem. Soc., 1943, 65, 1651. 
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may be replaced partly pr completely by NHg groups by reaction 
with ammonia, products such as P 3 N 3 Cl 4 (NH 2)2 being obtained. 
A similar reaction occurs with amines, aniline, for example, giving 
the compound P 3 N 3 (NHPh )0 with the trimer.®^ There is also an 
analogous reaction with alcohols and phenols : 

— PCla— N— + 2ROH = — PlORlgN— + 2HC1 

The trimer and tetramer undergo a Friedel-Crafts condensation 
with benzene in presence of aluminium chloride, giving products 
with phenyl groups attached to the phosphorus atoms. A similar 
reaction occurs with Grignard reagents and organometallic com- 
pounds, phenyl magnesium bromide giving with the tetramer two 
isomeric tetraphenyl derivatives in which the four substituted 
groups are on adjacent and opposite phosphorus atoms.®® The 
formation of two isomeric octaphenyl derivatives has also been 
claimed, but no reason has been advanced to account for the 
occurrence of isomers in this case. 

Schinitz-Dumont and his co-workers ®® have studied the replace- 
ment of chlorine by fluorine and have found that this occiurs readily 
with mild reagents such as lead fluoride. One of the most inter- 
esting points in this work is the formation of the compound 
PjNjCIoFg, a derivative of the tetramer, as one of the reaction 
products from PbFj and the trimer P 3 N 3 CI 8 . 

Preparation of Fluorine. 

During the la.st twenty-flve years there have been major develop- 
ments in the production of eleinentarv fluorine. The preparation 
by Moissan s original iii(*thod entailed the use of a platinum or 
copper cell with ])latinum-iridium electrotles, and an electroh’te 
<;on.sisting of anhydrous hydrogen fluoride and potassium fluoride 
in roughly a 12:1 molecular ratio. With this electrolyte it is 
necessary to < . 'ol the cell to about — 30° to avoid excessive vaporiza- 
tion of hydriigen fluoride, and the method has been completely 
ahaiuloned. T . its place two types of cell are now used : ®^ 
fl) The medium temperature cell, which operates at 70-100° with 
an electrolyte of the composition KF.2-3HF. 

2 ) The high tenii)erature ceil, whicli operates at 250-270° with 
an electrolyte of the composition KF.HF. 

A number of labc.ratory cells of these two types have been described, 

Bi.do, Butuw and Eienau. Bcr., KUS, SI, 547. 

“ and Thatnor. Ikr., 11143. 76. 121. 

S<-liinit.z-numontand Kulkens, Z.nnorg. Chan., 193S, 238, 189 ; Schinitz- 
Duinont and Brasches, ihU., 1939. 243, 113. 

I’or a review of the lahoratorv and technical production of lluorine, see 
Ia'ccIj, Quart. Rev. Chan. Sue., 1949, 3, 22. 
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as well as cells suitable for teclinical operation. The constructional 
materials used have included copper, nickel, and magnesium, but 
either type of electrolyte can be handled in a cell made of mild 
steel. For the medium temperature cell the anode may be of 
nickel or, better, of carbon, and the cathode of steel, while in the 
high temperature cell a graphite anode and a steel or copper cathode 
are used. The diagram below shows the construction of a medium 
temperature cell suitable for laboratory use. 

The use of fluorine in the laboratory is beset with fewer difficulties 
than is commonly supposed, although considerable care is necessary 
on account of the high reactivity. Many organic substances burn 



Pio. 66. — Electrically hcatcKi, medium temperature lluorinc cell with carbon ano<ie. 

in it and contact with grease must be avoided. There is, however, 
no appreciable reaction at room temperature with metals sucli as 
steel, copper, and nickel, and these may be used in constructing 
apparatus and leads. There is also little reaction with Pyrex glass 
or fused silica, provided the gas is free from hydrogen fluoride. 
The latter undergoes the following cycle of reactions, which result 
m a continuing attack. 

SiO^ + 4HF = SiF^ d- 2 H 2 O : 2 H 2 O + 2F., = 4HF + ^ 

Hydrogen fluoride may be removed by cooling to ca. — 80®, at 
which temperature fluorine (b.p. — 188®) is volatile whereas hydrogen 
fluoride (b.p. 19*5®) condenses. It may also be removed by contact 
with sodium fluoride, which forms the acid fluoride NaF.HF but 
does not react with fluorine. 
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Fluorides of Carbon. 

The fluorides of carbon form a large group of compounds which 
parallel the hydrocarbons in structure and, to a certain extent, in 
physical properties. They are known collectively as fluorocarbons 
and the analogues of the saturated hydrocarbons are very inert. 
The simplest fluorocarbon, CF4, was prepared in an impure state 
by Moissan in 1890, but was first obtained pure by Lebeau and 
Damiens in 1926. Four years later Ruff and Keim prepared 
CF4, C2F4, CgFe and CgFa by the reaction of fluorine with carbon. 
In this reaction small amounts of higher homologues of the series 
C„F2„+2 ^^re also formed. Reaction of graphite with fluorine at 
200® leads to the interstitial fluoride (CF)„ {see p. 487) and this also 
breaks down at higher temperatures to a mixture of fluorocarbons. 

The preparation of more complex fluorocarbons by the direct 
reaction of hydrocarbons with fluorine is rmsatisfactory as the 
reactions arc highly exothermic and partial or complete breakdown 
of the carbon skeleton of the hydrocarbon molecule usually occurs. 
It is necessary to moderate the reaction, which may be done : 

(а) By dilution of the fluorine wflth nitrogen, cooling, and carry- 
ing out the reaction in a relatively inert solvent such as 
carbon tetrachloride. 

(б) By catalytic fluorination. Usually the hydrocarbon vapour 
is mixed with a stream of fluorine diluted with nitrogen, in a 
reaction tube packed with gold- or silver-plated copper gauze 
and heated to 100-300®, according to the reaction under 
investigation. 

(c) By pas.'<ing the vapour of the organic compound to be fluorin- 
ated over cobalt trifluoride heated to 100-300°. The cobaltic 
fluoride is preformed in the reactor by treating cobaltous 
fluoride with fluorine and may be similarly regenerated for 
conversion of a further batch of hydrocarbon. The essential 

reaction is + 4C0F3 = + 2HF + 4CoFj. The 

catal)"tic method (6) probably also depends on the inter- 
mediate formation of auric or argentic fluoride. 

These methods have been applied successfully to the replacement 
of hydrogen by fluorine in a wide variety of aliphatic and aromatic 
compoumls. There are, in addition, a number of methods for 
protiueing partly fluorinated compoumls, the most important of 
which is the Swarts reaction. In this, organic halogen compounds 
are treated with antimony trifluoride in presence of a pentavalent 
antimony halide, or, in certain cases, with hydrogen fluoride and 

Compt. rend., 1920, 182, 1340. »« Z. anorg. Chem., 1930, 192, 249. 
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antimony trifluoride. Examples of tliis reaction are tLe conversion 
of CCI4 to CClaF, CCI2F2 and CCIF3 and of CeHsCCIg to C 6 H 5 CF 3 . 
It is also applicable to tbe production of mixed halides of other 

elements {e.g, SiClFg, etc., and POClFo, etc.). 

The boiling-points of fluorocarbons are close to those of the 
hydrocarbons, as is shown by the foUowing data for the aliphatic 

series C„H 2„+2 and C„F 2 „+ 2 . 


n M 

Fluorocarbon 

Hydrocarbon 


1 2 3 4 

_ 128* - 78* - 38* - 0-5* 22“ 51* 104* 240“ 

- 161* - 88* - 44* - 0-5* 30* 68* 125* 280“ 


The inertness of the fluorocarbons makes them potentially useful 
as solvents, lubricants and as insulators. The mixed chlorouuoro 
hydrocarbons, prepared by the Swarts reaction and iisunll) kuo^^n 
collectively as the Freons, are also widely used in refrigeration. 
They offer a suitable range of boiling-points {e.g. CF^Clg^ b.j). — ), 

have good thermodynamic properties, and are non-toxic and 
non-corrosive. A related compound which is also important 
technically is polytetrafluorocthylenc (C 2 F 4 ),,, which is a "hd^^ 
solid with good electrical insulating properties and outstanding 
resistance to chemical attack. It is, for example, unattacked jy 
boiling aqua regia and is an excellent material for gaskets in 
chemical plant. It is made by cracking the Freon CHClFj at 800 
( 2 CHCIF 2 = C 2 F 4 -I- 2HC1) and polymerizing the monomeric tetra- 
fluoroethylene under pressure in contact with an aqueous solution 
of a persulphate. 

The detailed chemistry of organic fluorine compounds cont^ims 
a great many points of outstanding interest, but lies outside the 
scope of this chapter. Two points may be mentioned to illustrate 
the intriguing differences between hydrocarbon and fluorocarbon 
chemistry. The first concerns the amine NlCIsls, one of the 
products of the fluorination of trimethylaminc with cobaltic fluoride, 
which is inert and devoid of basic properties. The second concerns 
the compound CF 3 I which beliavcs as a positive iodine compound 
yielding CF3H and not CF3OH on hydrolysis. It has also i)rovcd 
possible to prepare from CF3I organometullic compounds such as 

HgCFal, Hg(CF 3 ) 2 . P(CF 3)3 and As{CF 3 ) 3 . 


Fluorine Compounds of Elements of Group V B. 

The anomalous type of behaviour of the carbon fluorides is also 
encountered to some extent in the fluorides of other non-metallio 
elements. Those of boron (BF 3 , b.p. — 101) and silicon ( 01 ^ 4 , 
b.p. — 96* ; SijFg, b.p. — 19*) call for no special comment as they 
resemble the other halides in their reactivity, except that they 
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form tlie acids HBF^ and HaSiF^. They are also considerably 
more volatile than the other halides of these two elements. 

Nitrogen trifluoride (b.p. — 119®), which was first prepared in 
1938 by electrolysing fused anhydrous ammonium hydrogen 
fluoride, NH^HFj, at 125® is remarkable because of its inertness. 
It is unchanged by contact with liquid water, though when sparked 
with water vapour the following reaction occurs : 

2NF3 + SHgO = 6HF + N2O3 

It is also unaffected by alkalis and acids, and may be heated to 
moderate temperatures with metals without reaction. A mixture 
with hydrogen explodes when sparked, and nitrogen and hydrogen 
fluoride are formed. This behaWour contrasts sharply with the 
highly unstable nitrogen trichloride, which decomposes with water to 
form ammonia and hypochlorous acid. The fluoride is exothermic, 
with a heat of formation of 53 k.cals., whereas nitrogen trichloride 
is endothermic (Q = — 110-8 k.cals.). 

In the electrolytic preparation of nitrogen trifluoride small 
amounts of NHjF and NHFj are produced, both of which are 
reactive. A third product, NF^, is also said to be formed, but has 
not been fully characterized. Another nitrogen fluoride, N^Fg, 
wliich is obtained by the decomposition of N 3 F,®® has been shown 
by electron diffraction to have the constitution F — N=N — F, but 
has not yet been studied chemically. This is clearly a field where 
much remains to be done, especially when considered in relation 
to tlie fluorinatiou of aliphatic amines, which yields not only inert 
products such as N{CF 3 ) 3 , NlCFgloF and N(CF 3 )'F 2 , but also nitrogen 
trifluoride itself. 

Tlie compounds nitrosyl fluoride, NOF, and nitroxyl fluoride, 
NO.F. resemble their chlorine analogues closely. Fluorine, how- 
ever. form.-^ yet another compound. NO3F, sometimes called fluorine 
nitrate, which has no chlorine analogue. It was first prepared bv 
Cady by the action of fluorine on 3-.Y nitric acid, and has since been 
niio!. by fluorinating either pure nitric acid or metallic nitrates. 
1' IS all e.xplosive gas {b.p. — 45-9®) and the preparation is among 
• .e more hazardous operations of inorganic chemistry. It does not 
■tack <lry gla.'js or quartz, but is decomposed by water into o.xygen, 
.’Uioriiie monoxide, nitric acid and hydrogen fluoride. The reaction 
with 3 ])er cent aqueous sodium hydro.xido is in accordance with 
tlie equation : 

2 NO 3 F -r 2NaOII = ‘JXaNOa -f F^O -f H^O 
ihe structure, as determined by the electron diffraction method, 

Ruff. Fi.-^oher and Luft, Z. anorg. Chan., 1928, 172, 417. 

Bauor, J. Amer. Chan. Hoc., 1947, 69 , 3104. 

Ibid., 1934. 56, 2635. 
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shows a similarity to nitric acid, with the three oxygen atoms in the 
same plane as the nitrogen atoms. The dimensions given below 
are in Angstrom units. 



The fluorides of phosphorus, arsenic, antimony and bismuth call 
for little comment. Phosphorus forms a range of fluorides (PF3, 
PFg, POF3) similar in most respects to the corresponding chlorides, 
except that PF3 and POF3 are rather more resistant to hydrolysis 
and that the donor properties of the phosphorus atom in PF3 are 
less marked than in PCI3. Fluorine analogues of P2CI4 and P3I4 
have not yet been prepared. 

Arsenic and antimony form reactive pentafluorldes as well as 
trifluorides, but no pcntachloride of arsenic is known, although 
SbClj is readily obtained. In the case of bismuth the penta- 
fluoride, which is produced by the action of fluorine on the trifluoride, 
is the only pentahalide known. It is also reactive and has been 
considered as a reagent for the fluorination of organic compounds. 


Fluorine Compounds of Elements of Group VI B. 

The fluorides of oxygen are discussed elsewhere (see p. 334 ). 
Sulphur, selenium and tellurium all form he.xafluoridcs, which have 
no parallel among the other halides of these elements, and also 
lower fluorides. The formulas and boiling-points of these are 

tabulated below : 


SF, 

b.p^ 

- C3 8 

SeF, 

b.p.^ 

- 46 0 

TeF, 

b.p.^ 

- 38-9 

S.F10 

SF, 

S,F, 

20 

- 40 

- 38 4 

ScF* 

93 




The three hexafluorides are formed when the elements are burnt 
in fluorine, the decafluorides S2 F|q, Te2F2o and probably 

being formed in small amounts simultaneously. Ihe 
stability of sulphur hexafluoride resembles that of nitrogen fluoride. 
It is unaffected by water, acids, alkali.s and a variety of metals and 
non-metals. Even sodium reacts only at temperatures well above 
its melting-point. The hexafluorides of selenium and tellurium 
are somewhat more reactive. For example, both react with mercury 
at room temperature. In the case of the tellurium compound, 
which is hydrolysed by water, the greater reactivity is understand- 

A A 
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able because tbe covalency maximum of the element is eight and 
is not therefore reached in the hexafluoride. The only decafluonde 
which has been studied in detad is S^Fio^ and this appears to be as 
inert as SFg. A very interesting extension of this field has -arisen 
tlirough the preparation of trifiuoromethyl sulphur pentafluonde, 
CF SF (b.p. — * 20 - 4 °), by the fluorination of CH3SH or CS 2 '^ith 
cobaltic fluoride.-*® It was expected that CH3SH would give 
CF3SF, just as CH3OH gives CFaOF,^* but the tendency for the 
maximum covalency to occur in fluorides evidently asserts itseli 
in this instance also. The substituted sulphur hexafluoride is, as 
far as is known, about as inert as the hexafluoride : both are good 
electrical insulators and the hexafluoride has been used in the 
construction of high voltage generators. 

The lower fluorides of sulphur, selenium and tellurium are all 
reactive and show a general resemblance to the other halides. 
There is still some uncertainty about the identity of the sulphur 
compounds, which may arise from the fact that they decompose 
in contact with glass, but it is fairly sure that SF^ and SoF, exist. 
So far the onlv lower fluorides of selenium and tellurium for which 
any evidence has been obtained are SeF^ and TeF 4 , but it is 
extremely likely that others will be prepared in time. 

Interhalogen Compounds. 

The halogens form compounds with one another which are of 
h.ur type.s, AP». AP> 3 , AIJ^ and Ali,. None are at present known 
which contain more than two different halogens, although in the 
closelv related polyhalidc ions {vide infra) this does occur. The 
tbrmuhe and boiling-points are tabulated Itelow : 

Type Mi Type Ali, Type Ali^ Type AB, 

(3F(- huf) Cll-Vli’) Brrs{40') IFt(4’) 

|irl-{2o ) IFo(U7 ) 

IChtdecomp.) 

iri(U 7-4 ) 

IBr(lH)') 


All are olitainetl l>v the direct union of the elements. Chlorine an<l 
tluorine, for example, combine when passed in equiniolecular ])ropor- 
tions thiHuiLdi a nickel tube at With exeess lluorine at 280'^ 

tlu‘ iriliuoride results. Similarly l)r(imine moiiolliioride is pivjiarcd 

'••Sihev uiul J. Amcr. VXaK 72, 

Ki llo^ and ('acly, ibid., U)4S, 70, 

4'i»r ri'c<‘nt reviews of this topic, see Booth nml Pinkston, i'Ji' luviucs 
PJ47, 41, 421. JSbarjH', Quart, lieu, Chem. 1050, 4, 115. 
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by saturating bromine with fluorine at 10®. When bromine vapour 
carried by a stream of nitrogen is mixed with fluorine there is an 
exothermic reaction, the main product of which is bromine trifluoride. 
With excess fluorine at 200® the same reactants give bromine 
pentafluoride. Iodine burns in fluorine to form the pentafluoride, 
while if the pentafluoride is refluxed in a stream of fluorine through 
a tube heated to 200® the hcptafluoride, IF 7 , is obtained. Pure 
bromine monochloride exists only at relatively low temperatures. 
Iodine mono- and trichlorides and iodine inonobromide, on the 
other hand, all of which are formed by mixing the elements in 
the correct proportions, are more stable. 

The reactions of the interhalogen compounds containing fluorine 
have not been studied in great detail, though all are highly re- 
active. Thus we find that most metals and non-metals either react 
explosively or burn in chlorine trifluoride and bromine trifluoride, 
the products being as a rule those which would be obtained in the 
reaction with fluorine. Organic compounds also react vigorously. 
The halogen fluorides also react violently with water and with 
chlorine trifluoride the compound ClOF has been obtained. Thioiiyl 
chloride and bromine trifluoride or iodine pentafluoride give thionyl 
chlorofluoride, SOCIF. Carbon monoxide and chlorine mono- 
fluoride form carbonyl chlorofluoride, while with iodine penta- 
fluoride and carbon monoxide, carbonyl iodofluoride, COIF, results. 
The formation of bromotetrafluorides {e.g. KBrl^^) from bromine 
trifluoride and metal fluorides and of the corresponding acids {e.g. 
SbBrFj, AuBrFg) is referred to elsewhere {see p. 515). Iodine 
pentafluoride forms analogous compuunfLs {e.g. KIFg, ISbF,o). The 
reactions of the interh.alogcns containing no fluorine are more 
familiar : they arc much less reactive than the halogen fluorides. 

The Struelures of the Interhalogen Compounds. There is now 
good evidence that some of the interhalogen comi)ouiuls are in 
Bome measure ionic. Thus fused iodine mono- ami trichlorides 
have specific conductivities in the molten state of the order of 
lO'^ohm'^cm.-^, and also give conducting solutions in variou.s 
organic solvents. The ionization is believed to occur in accordance 
with the equations 

2IC1 ^ 1+ -h ICla" 

2ICI3 ^ ICI.3+ -h ICI4- 

Bromine trifluoride and iodine pcntafluori<le ionize similarly 
( 2 BrF 3 ^ BrIV -f BrlV ; 2 IF 3 ^ IF 4 + t- IF^)- ™s ioniza- 
tion is certainly not complete in the liquid state and for most 
purposes the interhalogen compounds may be coiLsidered as being 
covalent, with one multivalent halogen in the molecule. From 
Raman and infra-red measurements it has been concluded that 
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iodine peutafiuoride forms a tetragonal pyramid and iodine hepta- 
fluoride a pentagonal bipyramid. The molecule of chlorine tri- 
fluoride is probably planar. There is some evidence that the liquid 
is associated. The relationship between the interhalogen com- 
pounds and the polyhalides is also of interest. The latter all form 
ionic crystals, containing anions such as I3 , IRr2 > IRrCl and 
Ida". Their formation is limited to metals with large cations, i.e. 
to the alkali metals and ammonium and substituted ammonium ions, 
and the polyhalides of the alkali metals increase in stability with 
increase in ion size. The general method of preparation is by the 
addition of a halogen or interhalogen compound to the metal halide 
{c.g. KI -> KI3 ; KCl -h ICI3 ^ KICI4 ; CsF 4- ICI3 CSICI3F). 
The anhydrous acids from which these polyhalidcs are derived 
cannot be prepared, but the compound HICI4.4H2O is formed on 
l)assing chlorine through a suspension of iodine in concentrated 
hydrochloric acid. The structures of these ions are very incom- 
pletely known, but in the case of (ICl4)“ and (ICI2)" it is believed 
that the valency shells of the iodine contain twelve and ten elec- 
trons, respectively. The (ICl4)“ ion then forms an octohedron, 
with unshared electron pairs occupying two irans positions. 
Similarly (ICla)" forms a trigonal bipyramid with the three 
equatorial positions occupied by unshared electron pairs. 

Basic Properties of Iodine. 

Reference has been made in Chapter XI to the basic properties 
of iodine when it was pointed out that the oxide I^O* is probably 
a basic iodate, 0=1 — IO3. Similarly the o.xide l40g may be ^vritten 
as iodine iodate 1(103)3. tendency of iodine to form a cation 

is also evident in the interhalogen compounds, in several iodine 
salts and in a number of organic derivatives. 

Iodine forms an acetate, I(CH3C02)3 and a phosphate, IPO4. 
The former is obtained by oxidizing a solution of iodine in acetic 
anhydride with fuming nitric acid and distilling ofi* the excess of 
solvent and acid in vacuum at 40-50°. Electrolysis of a solution 
of the acetate in acetic anhydride with a silvered platinum gauze 
cathode gave a deposit of silver iodide on the latter in an amount 
which accorded with Faraday’s Laws. There seems little doubt, 
therefore, that iodine in this case functions as a trivalent cation. 
Chlorinated acetic acids similarly give the compounds I(CH8C1C02)3, 
1{CHC12C02)3 and ^CClaCOals- The crystalline phosphate IPO4 is 
obtained by using a mixture of iodine, phosphoric acid, acetic 
anhydride and fuming nitric acid. It is very readily hydrolysed 
in accordance with the equation 

5IPO4 -p == la -t- 3HIO3 -h 5H3PO4 
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The hydrated perchlorate IC 10 j, 2 H 20 is made by dissolving iodine 
in anhydrous perchloric acid and oxidizing vrith ozone. 

The stability of univalent iodine salts is increased i)y coordination 
with pyridine and other organic bases. Thus a perchlorate 
[I(pyr)g]C104 has been prepared by the action of iodine on 
[Ag(pyT)2]Cl04 dissolved in chloroform. A number of similar 
compounds have also been obtained, notably 

[I(pyT)2]X, where X = nitrate. 

[I pyr ]X, where X = nitrate, acetate, benzoate. 

Compounds of the same type are also known in which p}Tidino i.s 
replaced by other bases, such as picoline. In the electroly.sis of 
these compounds it is stated that iodine migrates to the cathode. 
Comparable salts are also formed by l)rominc, among these being 
the compounds [Br(pyr)2lN03 and LBr(pyr)2]C104. 

The organic derivatives in which iodine may be regarded as basic, 
or at least polyvalent, are rather numerous.** dhey contain one 
or two organic radicals attached to iodine and include iodide- 
chlorides and also iodoso, iodoxy and iodonium compounds. A 
typical member of the first of these groups is C6II5ICI2, made by the 
reaction of chlorine on iodobenzeuc. The corresponding fluorides 
RIF2 are also known. On treatment with alkali the dichloride 
gives the iodoso compound, Ar — 1 = 0 , which disproportionates on 
heating to the iodide and the pentavalent iodoxy compound. 

2 ArI 0 — ► Arl -f ArlOo 

The ( 10 ) group appears in basic iodine sulphate, formed by dis.soIving 
iodine and iodine pentoxido in concentrated sulphuric acid. 

The iodonium compounds are salts of the cation (Ar2l)‘*‘> in which 
the iodine atom has a complete electron octet. I\Iany are soluble 
in water and give conducting solutions, Comple.x salts such as 
[ArjIljPtClo, [AralJzHgCl, and [ArjIlAuCl^ arc known, and free 
bases of the type AtjIOH are strongly alkaline. 

The Pseudo-Halogens. 

The term ‘ pseudo-halogen * was apjdied by Birckenbach and 
Kcllermann to certain univalent negative inorganic radicals 
which show a resemblance to the halogens in tln'ir pliysical and 
chemical properties. The principal radicals coming within thi.s 
category are the cyanide, thiocyanate, azidodithiocarl)<)nate, seleno- 
cyanate, tellurocyanate, cyanate, and azide radicals. Ihe first 

*• Carlsohii, Rer., 1935, 68, 2209. 

** 8te Sidgwick, The Chemical BUmcnlti and thdr Compounds 
Univereity Preua, 1950), Vol. II, p. 1215. 

“ Ber., 1926, 58, 780, 2377. 
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four have actually been isolated in their dimeric forms, although 
all are known in the form of numerous derivatives.*® 

The chemistry of the pseudo-halogens is not, for the most part, 
of recent date. Cyanogen, for example, was prepared in 1815 by 
Gay-Lussac by the action of heat on mercuric or silver cyanide, 
and throughout the nineteenth century there was a sustamed 
interest in this and related substances. The general similarity to the 
halocrens is evident from the combination with hydrogen to form 
monobasic acids, which give insoluble lead, silver and mercurous 
salts while the dimeric radicals which have so far been prep^ed 
have a general similarity to the halogens in their reactions. One 
mav instance compounds such as carbonyl azide, C0(h»3)2>^^ 
.sulphuiyl azide, S02(N3)2,« to show the close parallel between the 
formula) of halogen compounds and those of the pseudo-halogens. 
^Vnother interesting reaction illustrating the relationship between 
the pseudo-halogens and the halogens is that between thiocyanic 
acid and manganese dioxide, which has been shown to give small 
yields of thiocyanogen. This reaction, and the reaction between 
manganese dioxide and hydrogen chloride, are represented by the 
following equations ; 

4HSCN + = 2ILO + ilu(SCN)a + (SCNla 

4HCI -f MnO; = 2H2O + MnCU -f Clj 
Cyanogen (CN),— This is the most readily accessible of the 
pseudo-halogens, its general reactions being so well known as to 
need no detailed mention here. It forms a liquid which boils at 
— 25®. The hvdrolysis, which is among the most interesting of 
its reactions, is represented by the following scheme : 


(CNV 


11,0 


rncx H.COONH, 

J (;^umionluiu f^rmatr) 

Ihocn 


CONII2 






1 

XH^OCN (ammonimu cyanato) 


CONIL 


A) 


lU'.O, -4- 2NH3 


0C(NH2)5 oirin) 


1 


(.aumu'iiium i-xaluU) 


** .Vcc Waklt-n and .Aiulrietli, Chem. lifvieu's, 192S, 5, 339, from which 
Bourco jmich of tiu' material in thi.** section is t-akon. 

^’Curtins and Heidenreieh. lift., 1804. 27, 2684. 

** Curtins and Schmidt, ibid., 1022. 55, 1571. 
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Oxycyanogen (CNO)^.— Birckeubach and Kellermann « were un- 
successful in tbe isolation of oxycyanogen by tbe electrolysis of a 
solution of potassium cyanate in methyl alcohol, but the anode solu- 
tion after electrolysis liberated iodine from potassium iodide and 
was capable of dissolving copper, zinc and iron without gas evolution. 
The free oxycyanogen also underwent a secondary reaction with 
the methyl alcohol used as solvent. In earUer work Lidoy 
described oxycyanogen as a gas w’hich was similar to carbon dioxide. 
He claimed to have prepared it by the following three methods . 
(a) interaction of cyanogen bromide and silver oxide, (b) reduction 
of nitrogen dioxide with carbon at iso'll and (c) by the action 
of hydrogen peroxide, cupric oxide or sodium hypobromite on 
potassium cyanate. 

4KOCN + 20 = (0CN)3 + 2 K 2 CNO 2 

This work has not, however, been repeated, and it does not seem 
probable that oxycyanogen would be a gaseous substance of this 
sort. 

Thiocyanogen (SON) 2 .— This substance was fii-st prepared by 
Soderback by the action of iodine, or, better, of bro m i n e, on an 
ethereal suspension of silver thiocyanate. 

2Ag(SCN) + Brg = 2AgBr + (SCN)a 

The resulting solution of thiocyanogen is able to liberate iodine 
from iodides, will oxidize copper from the cuprous to the cupric 
state, and reacts directly with metals to form thiocyanates. Solid 
thiocyanogen is obtained by evaporating the ether solution and 
cooling to — 70®. It melts at — 2® to — 3® to a yellow oil and 
polymerizes irreversibly at room temperature to an in.solulile brick- 
red amorphous solid. Thiocyanogen has also been prepared by 
electrolysis of thiocyanates, preferably dLs.solved in methyl alcohol.^" 
The anode liquid obtained in the electrolysis of alcoholic potassium 
or ammonium thiocyanate gave impure thiocyanogen on evaporat- 
ing off the alcohol. There was a tendency for polymerization to 
occur in such solutions. Thiocyanogen is decomposed by water, 
with formation of thiocyanic acid and hydrocyanic acid. 

Among the other reactions of thiocyanogen which suggest a 
close parallel to the halogens is the formation of an unstable nitrosyl 
thiocyanate NO(SCN) by the action of ethyl nitrite on thiocyanic 
acid, and the direct addition of thiocyanogen to unsaturated 


« Ber., 1925, 58, 780. 

Chem. Abe., 1912, 6, 2308, 2309. 3093, 3U94. 
“ Annalen, 1919. 419 , 217. 

Korstcin and Hoffmann, iy24| 57, 4Ui. 
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liydrocarbons.53 Thus with ethylene the reaction taking place is 

C^H, + (SCN)„ = C^H^lSCNla 

Thiocyanogen reacts with ammonia to form the unstable compound 
SCN.NHj,®* while, with amines, derivatives corresponding to the 
chloroamines result : 

(SCN)2 + 2 NHR 2 = (NCS)NR2 + NERg-HSCN 

Scletwcyanogen (SeCN} 2 .— This has been prepared by electro- 
lysing a solution of potassium selenocyanate in methyl alcohol 
(Birckenbach and Kellermann or by decomposing lead tetra- 
selenocyanate.^® The electrolytic method is unsuitable for prepar- 
ing the pure compound, however, as selenium is deposited very 
readily, and it is necessary to turn to a method depending on the 
decomposition of the silver salt of selenocyanic acid, suspended in 
ether, with iodine. The reaction between these two substances 
results in an equilibrium in which only 80 per cent of the iodine 
is present as silver iodide. Excess of silver selenocyanate is 
therefore used, and the temperature must be kept below 10® to 
avoid decomposition. 

2AgSeCN + I 2 = 2AgI + (SeCN)^ 

Selenocyanogen is a yellow crystalline powder which is stable when 
dry and which is soluble in benzene, chloroform, or carbon tetra- 
chloride. Determinations of the molecular weight in benzene 
solution showed that the compound had the dimeric formula 
(SeCNlj. Hydrolysis of selenocyanogen occurs readily and is 
believed to be represented by the following equation : 

2(SeCX)2 -h SHaO = HaSeOg -f SHSeCN + HCN 

On heating a solution of .selenocyanogen in carbon disulphide under 
rellux polymerizu: ion occurs, and the crystalline compound Se 3 (CN )3 
.separates on cooliug. 

Tellurocyanogen, (TeCN),, has not so far been prepared, although 
^Valden and Audrieth suggest that it should be capable of isola- 
tion either by electrolysis of a solution of its potassium salt in 
mt‘tliyl alcohol, or by the reaction between potassium tellurocyanate 
and lead tetracetate dis.solved in acetone. 

I'lie following comparison of halogen salts of tetravalent lead 

Kaufm.inii, Her. deufsc-h. pharm. Ges., 1923, 33, 139. 

Ijoehor. Witter and S{>rer. Bcr., 1923, 56, 1104. 

“ Ibid., 1925, 58, 78G. 2377. 

Kaiifiminn and Koglor, ibid., 1926. 59, 178. 

Loc. cil.. Ref. 46. 
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with certain of the corresponding pseudo-halogen derivatives 
illustrates the remarkable similarity between the two groups. 


PbF. Solid : loses fluorine at high temp. 

Pb(OCN). Syrupy liquid. Stable for short time at room temp. 

PbCl, Oa. m.p. - 15“. Decomp, very readily. 

PbBr* Decorap. immediately at room temp, into 

;; ;;XaX ‘ 

IbJseCN). ;; Pb(SeCN).and(SeCN).. 

Azidocarbondisulphide (SCSNal^.-^^idocarbondisulphide is a 
very unstable white crystalline solid which was fii^t examined m 
detail by Browne, Hoel, Smith and Swezey.“« Ife potassium salt 
KSCSNa, is formed by the interaction of a solution of potassiun 
azide and carbon disulphide at 40^ The free pseudo-halogen is 
then isolated by treating a solution of the potassium salt \m 
oxidizing agents such as ferric chloride or h^clrogen ‘ 

Azidocarbondisulphide is soluble in water to the extent of 3 parts 
in 10,000 at 25'=’. It is very unstable, and is liable to e.\p 
violently on impact. It decomposes spontaneously at room 
temperature, the course of the reaction being represeu ec in 
probability by the equation 

(SCSNala = 2N2 + 2S + (SCNla 

The reaction with dilute aqueous alkalis at - 10 = is believed to 
take place according to the equation 

(SeSNj)^ -f 2KOH = KSeSNj -h KOSCSN 3 -f H^O 

This is analogous to the formation of chloride and 
from chlorine and cold alkalis. There is also evidence that th. 
oxygen compound formed tends to decompo.^ n'i orina 
a new compound analogous to a chlorate. Thus , 

3 KOSCSN 3 = 2 KSCSN 3 + KO 3 SCSN 3 

The tildes.— The azide radical is unknown in tlie free state or 
as a dimer. In a number of its derivatives, however, it resemble 

its halogen and pseudo-halogen analogues The 
pound, hydrazoic acid, is obtained as its sodium salt b> tl|e setio 
of nitmii oxide on sodium amide at lOO”. Tlic water liberated 
converts some of the amide to sodium hydroxide. 

NaNHa -f N^O = NaNa + H 3 O 

(NaNHa -H HaO = NaOH -f MI 3 ) 

Free hydrazoic acid is obtained by distilling the sodium salt with 
1 : 1 sulphuric and dehydrating the distillate with calcium chloride. 

** s/. Amer. Chem. Soc., 1923, 45, 2541. 
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It is a liquid wMcli boils at 37° and is endothermic (heat of forma- 
tion = — 62 k.cal.) and dangerously explosive. It is a somewhat 
stronger acid than acetic acid (K at 25° — 2-8 X 10 ^). The 
metallic azides have solubilities in water which parallel those of 
the halides. The silver, lead, mercury, cuprous and thallous salts, 
for example, are insoluble, whereas those of the alkali metals are 
soluble. Azides of a number of the heavy metals explode on shock, 
and lead azide is used as a detonator filling. The alkali metal 
azides, on the other hand, are relatively stable. The azide radical 
can enter into the structure of basic salts {e.g. Cu(OH)N3) and of 
complexes. In the latter it may occur as the azide of a complex 
ion {e.g. [Cu(NH3)J{N3)2 ; [Cu{en)2]{N3)2]) or as a group within the 
complex {e.g. [Cu(]!ffl3)2(N3)2] ; K2iCu(N3)i]). 

The structure of the azide ion in ionic crystals is linear 
and symmetrical, with an N — N distance of 
Ammonium azide is isomorphous with the acid ammonium 
fluoride NH4[F — H — F]. In the covalent azides and in hydrazoic 
acid itself, however, the N3 group is unsyimnetrical. The molecular 
dimensions of methyl azide and hydrazoic acid as determined by 
electron diffractions are shown below. 

N N 


H 

Polghalogcnoids and Related Compounds . — Various compounds 
arc known in which the pseudo-halogens and the halogens occur 
together or in which two pseudo-halogen groups are present in the 
m<;lecule. The existence of such compounds lends strong support 
to the classification of the pseudo-halogens with the halogens, and 
a number of examples illustrating this behaviour are given below. 

Ciesium diiodocyanide, CsIaCN, for example, is readily prepared 
by the interaction of csesium iodide and cyanogen iodide in aqueous 
solution.^” Ammonium trithiocyanate NH4(SCN)3 has also been 
shown to be stable below — 6°, and may be compared to a poly- 
iodido such as KI3.®® There is also evidence for the existence under 
certain conditions of the compoimds K(SCN)3, K(SeCN)3, K{SCN)I« 
and KfSCNloI. 

I'i-o compounds of the halogens with the pseudo-halogens include 
chloruazide, CtNa, and its bromine and iodine analogues, the 

]\Iatho\vson and Wells, Amer. Chtm. J., 1903. 30, 431. 

KcrBtem and Hoffimmn, Btr., 1924, 57, 4UI. 



VT t ^ ^ XT ' V 

,N — / - - N N 

-./ / 

— 120 ' 


\uc 



EECENT CHEMISTRY OF THE NON-METALS 367 

cyanogen haUdes, and the monochloride and trichlorides of thio- 
cyanogen. These compounds have formulae which are analogoj^ 
to those of the simpler interhalogen compounds, although, as might 
be expected, the more complex interhalogen compounds contaming 
fluorine {e.g. IF^ and IF,) have no counterpart 

Chloroazide, ClNg,®! bromoazide, BrNa,®^ and lodoazide, IN3, are 
aU extremely explosive substances. The cyanogen halides are well- 
known compound. Cyanogen chloride is a low-boiling liquid which 
is formed by the action of chlorine on hydiocyamc acid or a cyanide. 
The bromide, which is a soUd, is formed in a similar way. ihe 
iodide is also a solid and is obtained by the action of a solution 

of iodine in ether on mercuric cyanide. ,, ,• /• n 4.1 

The reaction of cyanogen chloride ^\^th alkalis follows the 

equation given below and is analogous to that of the halogens. 

CNCl 2KOH = KCNO -r KCl + HjO 

The halides polymerize on standing, forming (CNClla, (CNBrla and 
(CNI)3. The first of these, cyanuric chloride, is beheved to ha\e 

the cyclic formula shown below : 


N 


Cl 

/X 


N 


Cl—C C— Cl 

X/' 

N 

Thiocyanogen chloride, SCNCl. is a white crystalline substance and 
is formed by the combination of thiocyanogen an< c oiine 1 
chloroform. Browne and Gardner l^ave also f^tanied ev.de.i^ 
for the formation of the compounds C’KSCSNa), Bd-SCSiSd an 
Br3(SCSN3) by the action of halogens on azulocarbondisnlphide 
Certain wrnpounds formed by the pseudo-halogens among thcin 
selves are also well established. Thus cyanogen bromide reacts 
with a well-cooled aqueous solution of sodium azide tonn 
cyanogen azide, which can be isolated as a crysta ino so i y 

extracting with ether. 

CNBr -\- NaNg = NaBr q CNN3 

Cyanogen thiocyanate, CN(SCN), and cyanogen selonocyanate, 

« Raachig, Ber., 1908, 41. 4194. Spencer 1026 

•» HantzsV Btr., 1900, 33. 522. •* J- Amtr. Chan. Soc.. 1J27. 49. 27oJ. 
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CN(SeCN), have also been prepared, and are both well-defined 
crystalline substances. Cyanogen azidodithiocarbonate has also 
been isolated recently.*® It is formed in good yield by adding 
cyanogen bromide to a cold aqueous solution of sodium azidodi- 
thiocarbonate, when the following reaction takes place . 

NaSCSNg -h CNBr = NaBr + CN.SCSN 3 

This substance is a white crystalline solid, which undergoes slow 
decomposition at room temperature, and which is liable to explode 
when it is heated. 

Audrieth and Browne, ibid., 1930, 52, 2799. 



CHAPTER XII 


THE PEROXIDES AND PER-ACIDS 

Both the metallic peroxides and the per-acids are best considered 
as derivatives of hydrogen peroxide, which is a weak acid. In the 
pure state hydrogen peroxide, an oily liquid which freezes at — l’^ > 
has an ionization constant [(H'''){H02 )] of 1‘55 x 10 at -0 , 
which impUes a hydrogen ion concentration roughly 12 times that 
in pure water. In other respects, apart of course from its endo- 
thermic character and instability, it resembles water closely. The 
dielectric constant Is 89-2 at 0^*, compared with 84-4 for water at 

the same temperature. , 

The structure of the hydrogen peroxide is of special importance 

in relation to the per-compounds. The most probable configuration, 



which was suggested by Penney and Sutherland,^ is one m 
there is no free rotation about the — O — 0 — bond in H 0 ^ 

molecule, the hydrogen atoms being situated in planes 
are at right angles. This configuration is consistent with the 
Raman spectra of H^O*, DHO^ and D^O*.* It is also in agree- 
ment with observations on the crystal structure of the compound 
C0(NHA.,H,0*,8 in which the urea molecule has its normal con- 
figuration, and the — O— O— H angle is lOG*". The distance 

between the two oxygen atoms is 1-46 a.®" 

In the discussion of the metallic peroxides and the per-acids 
which follows, the structural relationship to hydrogen peroxide jvill 
be apparent. The peroxides contain peroxide ions (either Og or 


'Trans. Faraday Soc., 1934, 30, 808. J. Chem. Phys., 1934. 2, 492. 

* Feher, ficr., 1939, 72. 1778. 

* Lu, Hughes and Giguore, J. Amer. Chem. 6oc., . 

** A recent determination of the crystal structure of H,0, confirins this 

configuration (Abrahams, Collin and Lipscomb, Ada Cryel., 19ol, 4, J5). 


369 



370 MODERN ASPECTS OF INORGANIC CHEMISTRY 

in the soUd state and in the per-acids one or both of the 
hydrogen atoms of the parent substance are replaced by acidic 
groups. A number of peroxy compounds formed by the weakly 
electropositive metals will be mentioned which are, in a sense, 
intermediate in their properties between these two main types. 

Peroxides. 

The best-known metallic peroxides are those of the alkali and 
alkaline earth metals, but copper, silver, magnesium, zinc, cadmium 
and mercury also form compounds which are in this class. There 
are four main types : 

(i) Compounds formed by replacement of both of the hydrogen 

atoms of hydrogen peroxide, giving or These 

are ionic solids and contain the ion Og {e.g. NagOg, BaOg). 

(ii) Compounds of the type M^O,, formed by the strongly electro- 
positive elements of large ionic radius, and containing the 
ion Og" {e.g. KOg). 

(iii) Compounds of the t}T)e formed by potassium, 

rubidium and caesium. There is some doubt as to the 
identity of these. 

(iv) Hydroperoxides of the type — 0 — 0 — H, in which only 

one hydrogen atom of hydrogen peroxide is replaced {e.g. 
NaOgH). 

The I’ormulaj of the true peroxides known at present are shown 
below. These are not based in every case on structural analysis, 
but all give hydrogen peroxide when treated with acids. It is 
important to note that in the true peroxides the metal atoms have 
their normal valencies. The term peroxide is sometimes applied 
to compoumls such as PhOg and MnOg, the oxidizing properties of 
which are due to the high valency of the metal. They contain the 
normal 0“ “ ion in structures, and do not give hydrogen 

peroxide with acids. 


LijOg 

Na^O.2 


NaO, 



MgOj.a-HjO 


KjO, 


KO, 

CaO. 

CaO, 

ZnOg 


Ub„6a 

RbjOj 

KbOa 

SrOa 

Sr 04 

CdOj 

CuOa 

(NH4)A 

CsjOj 

CsOj 

BaOg 

Ba 04 

HgOa 

AgjOj 


Tlio stability of the metallic peroxides becomes less as the electro- 
positive nature of the metal decreases {e.g. in passing from the 
alkali metals to co})per and mercury), but is also partly dependent 
on the ion sizes. Thus, for example, the stability of the alkaline 
earth metal peroxides increases from calcium to barium with 
increasiug size of the cation. 
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Thxee general preparative methods are available, viz. : 

(i) Heating the metals in air or oxygen. 

(ii) The action of oxygen on solutions of the metals m liquid 

ammonia. , j • i 

(iii) The action of hydrogen peroxide on metalhc hydroxides or 

metallic salts. This may also give rise to hydroperoxides 
The Alkali Metal Peroxides. 

The end-products of the combustion of the free alkali nietals m 
an excess of oxygen are LigO, Na 202 i KO 2 , RbOo and CSO 2 , t ie 
proportion of oxygen in the most stable oxide thus mcreasmg i 
the atomic weight and — more significantly the ionic ra us* o t e 
metal. The monoxide of sodium (NajO) and those of the heavier 
elements of the group are formed only if a deficit of oxy^n is used. 
There is a progressive deepening of colour from LiaO* (wiute) 
through KO 2 (orange-red) to CsOg (dark browm). In the case ot 
potassium, rubidium and caesium the stability of the peroxides is 
such that they may be formed directly by the action of oxygen 
on the metallic hydroxide.* Potassium hydroxide gave a i per 
cent yield of KOj at 375^/100 atm., whilst caisium hydroxide gave 
a 95 per cent yield of CsO^ under similar conditions. The o^de 
Na^Oa is also converted to NaO^ when heated in oxygen at 500 

and 300 atmospheres pressure.® r i-..i • 

Compounds of the type — Excejit in the case o i^ lum, 

alkali metal peroxides of this type may be made by the controlled 
oxidation of the metal or its mono.xidc, or by oxidation of the mcU\ 
dissolved in liquid ammonia. Lithium peroxule^ ^ 

by the thermal decomposition of tlie compound Li^^si 2 2 ’ 2 » 

which is produced in the reaction between lithium hydroxide and 

alcoholic hydrogen peroxide. , , .... 

Sodium peroxide, NaaO^, is made technically by oxidizing the 

metal in tw’o stages in rotary ovens, the first stage gi\mg mam y 
the monoxide and the second, in which a higher tempera ure is 
employed, the peroxide. By the action of coucentrated mmeral 
acids on sodium peroxide in alcoholic solution, the h) operoxic e 
NaO^H is formed, which readily gives the addition compound 
NaOjH, O-SHaOj with hydrogen peroxide. The hytlroperoxido is 

* PiBcber and Ploetzcr, Z. anorg. Chem., 192o. /5, 1. sv,/- 

•Stephanon, Schechter* Argeraini;tT and Kleinberg, • • - ’ /rivi s 

1W9, 71, 1819. Reaction of the alkali metal l..v.lroxia.a h o/,oiR Mvj» 

paramagnetic eompounOa of tl.e tyiK, MO, (Wl.aiey and 

‘961. 73. 79). Zhdanov and Zvonkova (ZAar. F,- hh„n.. ‘9“ ■ ’‘d 

“uggcBt, from an X-ray study, that KO, contains the O j ion. « hich rtsem )lcs 

N|-. 
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much less stable than is sodium peroxide and decomposes slowly 
at room temperature. 

Potassium peroxide, KoO^, is formed in the controlled oxidation 
of potassium metal — e.g. with the calculated amount of air at 300°, 
or in liquid ammonia solution at — 50°. The peroxides of rubidium 
aud cecsium are produced similarly. The structures of these com- 
pounds have not been determined by X-ray methods. They are 
presumed to contain the ion Og*” which has been identified in the 
alkaline earth metal peroxides and this view is supported by the 
formation of hydrogen peroxide on hydrolysis. 

Compounds of the type MOg. — The formation of NaOg has been 
mentioned already. The corresponding peroxides of potassium, 
rubidium and csesium are produced more readily, KOg, for example, 
being obtained when potassium is burned in an excess of oxygen or 
when it is fused with potassium nitrate. It is also formed in the 
oxidation of the lower oxides by oxygen at high temperatures, or 
liy the prolonged action of oxygen on a solution of potassium in 
liquid ammonia. These oxides are referred to as superoxides. 

The action of water on potassium superoxide differs from that 
on potassium peroxide in that both oxygen and hydrogen peroxide 
are formed in the first case : 


2KOg + 2IRO = 2KOH + HgO, Og 
KgOg + 2H2O = 2KOH + HgOg 

It is now clear that the formuloe of the superoxules are of the type 
M’Og, and not The solids are isomorphous with calcium 

carbide,® the anions in their lattice.^ being Og — and Cg — , respec- 
tively. Furthermore the siiperoxides are paramagnetic, which 
would be expected on the single formula, which results in an odd 
number of electrons (K, 19 ; O3, 16), but not for a molecule of the 
type M2O4. 

Compounds of the type M^Og. — Substances of this type may be 
formei.l as intermediates in the oxiilation of nimnonia solutions of 
the alkali metals. In the oxidation of potassium, for example, 
tlnue is a distinct colour change corresponding to the formation 
of KgOg. 


K in NH 

I 

iblutO 


> KOg 

(wUito) (rod) boat at (orati^ol 

AS*)' III vacuo 


The product may be formulated as a lattice compound 2X02.1x202, 
but it behaves chomicallv as if it wore a mixture of the two oxides.’ 


“Templeton nnd Daiihen. J. Amrr. Chem. Soc., 1950. 72, 2251. Helms 
anil Kl«-mtn, Z. aiiorg. Cfiftn., 1939, 241, 97. Kassatoebkin and Kotow, 
./. Chrin. Ph;/.*., 193(», 4, 45S. 

’ Kraus nnd White. J. Amcr. Chan. Sor., 1920, 48, 17S0. Htdins and 
Klemni, Z. iinorg. Chem., 1939, 241, 97. 
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The crucial test of whether a definite compound exists would be 
the X-ray determination of the structure of the solid, but this has 
not yet been done. 

Alkaline Earth Peroxides . — The peroxides of the alkaline earths 
are CaOg, SrOg and BaOa, their stability increasing in this order. 
Barium peroxide is formed when air or oxygen is passed over the 
monoxide at about 400®. Above 500® it has an appreciable dissocia- 
tion pressure, and the reversible equilibrium between the two oxides 
was formerly applied in the Brin process for obtaining oxygen from 
the air. Strontium peroxide is formed less readily on heating the 
monoxide in air or oxygen, only 15-16 per cent being produced at 
400® with oxygen at 100 atm. pressure. Both Ba 02 and SrOj are, 
however, formed by the action of oxygen on solutions of the metals 
in liquid ammonia, and a poor jdeld of CaO^ may also be obtained 
by this method, though the peroxide is not formed from CaO and 
Oj. All three alkaline earth metals arc precipitated by hydrogen 
peroxide or sodium peroxide from solutions of their salts or 
hydroxides as octahydrates of the peroxides {e.g. CaOj.SHjO), 
dehydration of which gives the anhydrous compound. The calcium 
compound is used as a bleaching agent and as an antiseptic. 

Barium peroxide (and presumably also Ca 02 and Sr 02 ) has a 
structure of the calcium carbide type and contains the anion Oj . 
There is thus a structural similarity to KO 2 . which is not surprising 
since the ionic radii of potassium and barium are similar (Ba 
1*35 A. ; K+, 1-33 a.), and the interatomic distances in the Oj” and 
Oj“- ions are 1-28 and 1-31 a., respectively. The ionic radii of 
calcium (0*99 a.) and strontium (1*13 a.) are sufficiently difterent 
from those of barium and potassium to explain qualitatively the 
lower stability of their peroxides, w’hich manifests itself in the 
higher dissociation pressure. 

Barium peroxide forms the addition compound Ba 02 ,H 202 with 
hydrogen peroxide. This deepens in colour on kee[)ing, especially 
on exposure to ultra-violet light, and evolves oxygen wlien treated 
with water. It has been suggested that the compound Ba 04 , 
containing the ion O 4 — , is formed under these conditions, but 
there is no direct structural evidence. The o.xide Ca 04 is said to 
be formed similarly. 

Other Metallic Peroxides . — \Vhereas the alkalis and alkaline earths 
form Well-defined peroxides, certain of the less electropo.sitive metals 
yield peroxy compounds of somewhat uncertain constitution. Thus 
when solutions of magnesium salts are treated with sodium pero.xidc, 
variable mixtures of magnesium hydroxide with magnesium peroxide 
hydrate are produced. Hydrogen peroxide in alkaline solution 
precipitates from magnesium sulphate solution a peroxide of the 
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composition MgO.MgOg.sHaO. Notliing is known of tke structures 
of these compounds. They readily }ueld hydrogen peroxide, and 
certain of them are prepared commercially for medicinal purposes. 

Similar ill-defined compounds are formed by zinc and ca dmium . 
Zinc peroxide, containing about 86 per cent of Zn02, was obtained 
by Ebler and Krause ® by the action of ethereal hydrogen peroxide 
on zinc ethyl or zinc amide : 

2Zn(C2H5)2 + 3 H 2 O 2 = -k SZnOa + H^O + 

The reaction is also applicable to the preparation of peroxides of 
mafmesium and cadmium. Zinc and cadmium also form com- 
pounds containing peroxidic oxygen when their hydroxides are 
treated with hydrogen peroxide. A peroxide of mercury, HgOj, 
has been described as formed by the action of 30 per cent HjOg on 
mercury, mercuric oxide or on alcoholic solutions of mercuric 
chloride. It is unstable, evolving oxj^gen when treated with water 
and exploding when struck or rapidly heated. 

There is no clear evidence that silver forms a peroxide. The 
compound with the empirical formula AgO, which is obtained by 
the action of ozone on silver, by the anodic oxidation of silver, or 
by the action of potassium persulphate on silver nitrate solution, 
may be argentic oxide or argentous peroxide. A peroxide of 
argentous silver, containing the ion O2 — , would be diamagnetic 
and Klemm found AgO to be weakly paramagnetic.® Sugden,’® 
however, examined similar preparations which proved to be dia- 
magnetic. It is possible that both a peroxide of the lower valency 
state of silver and argentic oxide exist, but the point needs further 
elucidation. 

Peroxy Compounds of Certain Transition Elements. 

The weakly electropositive metals of the titanium, vanadium and 
cliromium groups give rise to numerous pcro.x}’ compounds which 
illustrate the transition between the peroxides proper and the true 
peracids. 

Titaniuin, zirconium, hafnium and cerium all fonn compounds of 
the general formula MO3.2H.2O when ammoniacal hydrogen peroxide 
is added to a solution of a titanvl. zirconvl. hafnvl or ceric salt. The 
stability increases with the atomic weight of the metal. These 
compounds, according to Schwarz and Giese,’^ contain one peroxy 
group in the molecule and, taking the titanium compound as an 
example, may be formulated as follows : 

Ti (OH), ~ H 2 O 2 = Ti(0H)3(00U) -r H.O 

® Z. anorg. Chem., 1911, 71, 150. ^ Ibid.. 1931, 201, 32. 

“'J.C.ib'., 1932, ICl. “ Z. anorg. Chem., 192S, 176, 209. 
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T Vii'a titanium peroxyhydrate dissolves in potassium hydroxide in 
presence of hydrogen peroxide, and the pertitanate K4Ti08,6H20 
can be isolated from the solution. This is regarded as a salt of the 
hypothetical orthoperoxy acid (I). The zirconium compound 
behaves in the same way, but the more electropositive hafnium 
and cerium do not. 



(I) (n) 

Thorium salts in solution give, on the addition of hydrogen 
peroxide, a precipitate of the composition Thj07,4H20 which, from 
the proportion of peroxidic oxygen, has been assigned the struc- 
ture (II). This, however, takes no count of the water which is 
always present in the molecule, and it is possible that — OH and 
— 0 — 0 — H groups are present. 

The above reactions occur in alkaline solution, but in acid solution 
different products are obtained. The yellow colour produced in 
acidified titanium solutions on the addition of hydrogen peroxide 
is familiar as an analytical test. The production of this colour is 
independent of the acid used and it has recently been shown by 
Jahr and his co-workers to bo due to the (liOo.aq)"'*' ion 

(Ti0.aq)2+ + lIjOo ^ (Ti02.aq)^+ -f H^O 

From mixed solutions of K2S04,H2S04 and TiOSO., with excess of 
hydrogen peroxide the compound K2S04.(Ti02)S04.3H20 rnay be 
isolated. This was formerly believed to contain the titanium in a 
peroxydisulphato titanate anion {K2{Ti02)(S04)2). but it is now 
believed that the titanium i.s present as the (liOa)”^ cation, llie 
relationship between this cation and the peroxy anion which occurs 
in alkaline solution may then be expressed by the equation 

(Ti02.aq)2+ -P 3 H 2 O 2 ^ (Ti(02)4.uq)*- + Oil *■ 

It is generally agreed that the bleaching of the yellow colour ot 
the (TiOg.aq)*^ by fluoride ions is due to the formation of the stable 
colourless (TiFj)*- ion. The behaviour of zirconyl salts with 
hydrogen peroxide in acid solution i.s similar to that of titauyl 
salts. 


FIAT Review of German Science, Inorganic Chomistry, Part HI. l‘J-18. 
170. 
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Vanadium, niobium and tantalum show a general similarity to 
the Group IV transition elements in their behaviour with hydrogen 
peroxide. The salts NagNbOa and NagTaOg are obteined by the 
action of an excess of hydrogen peroxide on solutions of alkali 
niobates and tantalates.^® Similar salts of other cations are known, 
and they probably all contain the M^( — 0 — 0)4 anion. A few 
other peroxy derivatives of these two elements have been described, 
but their compositions are uncertain. 

Acid solutions of vanadates have long been known to give a red 
coloration with hydrogen peroxide. It is believed that this colour 
is due to peroxy cations and anions similar to those which exist 
in the titanium solutions. Their formation may be represented by 
the equations 

(VO.aq)3+ -f HA (VOa.aq)^-*- + H^O 

(dark red) 

(VOj.aq)’+ + HjO, + 2H,0 ^ [V02(0.0)j.aq]’- + 6H+ 

(yelJow) 

In weakly alkaline or weakly acid vanadate solutions containing 
hydrogen peroxide the yellow anion is present, whilst in strongly 
acid solutions the red cation is formed. 

Several definite pervauadates have been isolated. When, 
for example, potassium hydroxide is added to a solution of 
vanatbum pentoxide in concentrated hydrogen peroxide, the salt 
KH2[V02(02)2lH20 crystallizes, and Na3V(02)4 may be obtained 
from a solution of sodium orthovanadate containing hydrogen 
peroxide and sodium peroxide. 

The Perchromates. 

The most familiar peroxy compound of chromium is associated 
with the intense blue colour produced when an acidified solution 
of a chromate is treated with hydrogen peroxide. The substance 
responsible for the blue colour (CrOj) is very unstable and has 
not been isolated. It is, however, readily soluble in ether, with 
which it probably form.s the unstable co-ordination compound 
(CjHgljO — ► CrOg. Addition of pyridine and other organic bases 
to the ether solution gives more stable crystalline co-ordination 
compounds, such as C5H5N — ► CrOg. 

The formula and structure of CrO^ has been fairly definitely 
established by experiments made on the ether solution and on the 
co-ordiuation compounds.^* It was at one time thought to be 

Z. atiorg. Chem., 1928, 173, 297. 

^*Jahr., Ref, 12. 

“ Schwarz and Giese, Ber., 1932, 65, 871. 
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HCrOj, but this is excluded by tlie reactions with dilute acids, 
silver nitrate and potassium permanganate, which are : 


2Cr05 j CrjOa + 70 3-5 atoms of 0 per atom of Cr. 

CrOg ^ CrOg + 20 2 atoms of 0 per atom of Cr. 

CrOg >-2H202^4 equiv. of KMnOj per atom of Cr. 

The corresponding quantities for the compound HCrOg would be : 


2HCr06 y CrjOg + HoO + 60 3 atoms of 0 per atom of Cr. 

2HCr05 > 2Cr03 + HaO + 30 1-5 atoms of O per atom of Cr. 

2HCr05 >-2 equiv. of KSIiiO^ per atom of Cr. 

The reaction with permanganate shows that tlicre are two O2 groups 
in the molecule, and the formula may therefore be written as (I) 
and the pyridine compound as (II). 


0=Cr 
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0—0 
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pyr 0—0 
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Cr 
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(I) (11) 

When the ether solution of CrOg is treated with alcoholic hydrogen 
peroxide containing potassium liydroxide, a blue salt of the com- 
position KCrOg.HaO is formed. The anhydrous thallium salt 
TlCrOg is also known. These salts contain 2-5 peroxy groups pci- 
atom of chromium. The potassium salt is diamagnetic and, since 
the single formula would give an odd-electron molecule which 
would be paramagnetic, the double formula (HI) is indicated. 

A further series of perchromates of the type MJCrOg, which are 
red in colour, is obtained by the reaction of a strongly alkaline 
solution of hydrogen peroxide with soluble chromates. Ihose salts 
contain 3*5 peroxy groups per atom of chromium and arc iso- 
morphous with the pervanadates of the type Og. It is possible 
to formulate them with the double formula (IV) as derivatives of 
hexavalent chromium : 
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Yet another type of peroxy derivative of chromium occurs in 
the compound CrOg.SNHa. which is formed when aniinomacal 
solutions of chromates treated with hydrogen peroxide at 0 are 
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warmed to 50° and then cooled. Alternatively, the red ammonium 
perchromat'C {NH4)3CrOg may be treated with a 10 per cent 
ammonia solution at 40°. This compound forms a brown solution 
with water which, on addition of potassium cyanide, yields the 
compound Cr04,3KCN. The formulation of these compounds is 
uncertain, but the simplest assumption is that chromium is 
hexavaleiit, as in structure (V) above, and that the cyanide is a 
salt of the [Cr(CN)30,(02)]^“ anion. 

Peroxy Compounds of Molybdenum, Tungsten and Uranium. 

These three elements, like chromium, readily give rise to peroxy 
compoimds, though the tendency to form isopoly acids makes the 
chemistry rather complicated. Solutions of normal molybdates 
{e.g. K;MoO,,) give a deep red colour on the addition of hydrogen 
peroxide. This colour change is attributed to two reactions, the 
first leading to the univalent ion (HMoOg.aq)", which is yellow, 
and the second to the bivalent i(tn [MolOjli-aq]-", which is red. 
Formation of the second of these ions occurs with excess of hydrogen 
peroxide. 

[Mo04.aq]2- -r ^ IHMoOg.aq]- -p H,0 -f OII" 

[MoO.,.aq]2- -r [Mo(02)4.aqr--- + IHgO 

In acid-rich molybdate solutions polymolybdates are formed and 
these can also give peroxy derivatives. 

J^alts containing these ions have been prepared. Thus from a 
potassium molybdate solution containing one equivalent of a 
mineral acid per molecule of nudybdate, together with excess of 
hvdrt)gen peroxiil-*. .Tahr has obtained the salt K[HMoOa].2H20, 
wliilc in a more j;!k:i!ine solution the salt K2[Mo(02)4l is formed.^’ 
The latter compoun i is also produced readily by adding potassium 
mol\b(lat(‘ to ice-cold hydrogen jxToxide. It is an explosive 
comjnnmd. The sodium and ammonium salts and those of certain 
metallic ammiiies (c.7. of lZn(NH3)4l+'^) have also been obtained. 

The behaviour cd tungstates with hydrogen peroxide is very 
:^hiiilar to that of molybilates. ilerivativcs of the two acids H^HWOg] 
• iiid Hji WfOloL being obtained. As in the case of the corresponding 
permolvbdate ion, it is uneertain h<i\v [llWOg]" should be formu- 
lated. Pertungstates of the type M.1[W{02)4]. which are formed 
when normal tungstate.s (.M.|,\V04) react with 30 per cent hydrogen 
peroxide, are somewhat more stable than the corresponding per- 
molvbdaU'S. Polytungstates also give n.-se to various 
tun^Mates, but tlie constitution of these i.s unknown. 

Ihdi'ogcu pt*ioxi«le reacts with uranyl salts, precipitating an 



J.ihr and Lothrr. 71. S94. 903, 1127. 


Jahr, Hof. 12. 
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amorphous yellow compound U 04 , 2 H 20 which is remarkably stable 
and does not lose oxygen until heated above 100®. The structure 
of this compound has not been finally settled. It cannot be 
dehydrated without decomposition. The ratio of active oxygen to 
uranium is 1 : 1, showing that it contains a single pcroxy group. 
The water, however, is constitutional, and may be present partly 
or wholly as (OH) groups. It does not form salts directly on treat- 
ment with bases, though peruranates do result when the freshly 
precipitated compound is treated with alkali and hydrogen peroxide. 

The simultaneous action of alkalis and hydrogen peroxide on 
uranyl salts leads to the formation of peruranates, which contain 
more than one atom of active ox^’^gen per atom of uranium. Several 
series of salts are known, though in no case is there any reliable 
structural evidence. The chief types are : R3U20io.'<H20 > 

R^UOe.nHjO; and and it is likely 

that these compounds bear a general structural resemblunco to the 
permolybdates and pertungstatcs. 


The Persulphuric Acids. 

The observation that less than the theoretical quantity of oxygen 
is evolved at the anode when concentrated solutioiis of sulphuric 
acid are electrolysed was made by Faraday in 1832. Meidingei, 
twenty years later, found that a .solution with strong oxi<li;^ing 
properties was produced during the electrolysis, and in 180-1 Brodie 
suggested that it contained a persulphuric a<'i(l. and not lieo 
hydrogen peroxide, since it did not dccoloriz*' jiermanganate.^ 
There are two per-acids of suljdiur, ]n'rdisulphiiric acid. 
(Marshall’s acid), and perinonosulj)liurie acid (C'aro s aeiil), HoSO^. 
Both, when pure, are crystalline solids (m.p. and 13 , respec-- 
tively). Numerous perdi.sulphatcs are knoun, but it is doubtful 
if the pure salts of permonosulpluiric aci»l have ever been prepared. 
The pure acids W'ere synthcsizeil by d Atjs an<l briederieh *** b} the 
gradual addition of the calculated amourjt of anhydrous h\tliogen 
peroxide to well-cooled chlovosulphonic acid : 

11,02+ C 1 S 03 H= HO28O3H + lIC'l 
2 H 2 O 2 + CISO3U = S03lI.0.,.S03H + 2l[CI 
This synthesis shows the relationship to hytlrogen pi roxiiio ven 
clearly. Perdisulphuric acid is dibasic, the a<-i<lic’ hydrogen being 
in the two SO3H groups. Caro’s acitl. on the other hand, is mono- 
basic, as the residual hydrogen in tin; —0-0 -H gi“up is too 
weakly acidic to form salts. Willstiitter and Ilauen.stein were 
able to prepare the benzoyl derivative of the [jotussiiiin salt of 
Caro’s acid and showed that it is the hydrojH*n)xi(h‘ grouii which is 
“Bcr., 1010, 43, 1880. Ibid., 1000, 42, 1840. 
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benzoylated since, by acid hydrolysis in ether solution, benzoyl 
peroxide is obtained. 
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Any uncertainty as to the structure of perdisulphuric acid is 
removed by the X-ray analysis of ammonium and caesium perdi- 
sulphates,-® which shows that the SjOg ion is formed from two 
SO 4 tetrahedra, joined by a bond between two oxygen atoms. 

The electrolytic method of preparation is used commercially in 
the preparation of perdisulphates. Usually a concentrated solution 
of ammonium or potassium sulphate in dilute sulphuric acid is 
electrolysed in a divided cell with a high anode current density. 
In the Weissenstein process the anode is a narrow strip of platinum 
welded to a tantalum bar. The latter rapidly becomes coated with 
a non-conducting oxide film, which leads to a high current density 
at the platinum surface. Both the ammonium and the potassium 
salts are sparingly soluble in water. Perdisulphates are also formed 
by the action of fluorine on solutions of potassium hydrogen sulphate, 
though this method has no commercial application. 

The hydrolysis of perdisulphates is a reaction of considerable 
interest. When freshly acidified with sulphuric acid, solutions of 
perdisulphates have reactions consistent ^vith the presence of 
HjSsOg. The oxidizing power of the solution changes rapidly to 
that characteristic of Caro’s acid, and by taking the reaction one 
stage further, hydrogen peroxide is formed 

HaSjOg H„0 = HoSO^ + HaSOs 

H2SO5 -r HjO = H2SO4 + H2O2 

The hydrolysis of perdisulphuric acid successively to Caro’s acid 
and hydrogen peroxide forms the basis of an important technical 
proces.s for the production of hydrogen peroxide. The electrolyte, 
consisting either of dilute sulphuric acid or ammonium bisulphate, 
passes fiom the electrolytic cells, in which perdisulphate is formed, 
to some type of high speed vacuum evaporator, in which the per-acid 
is hydrolysed. Aqueous hydrogen peroxide distils over and the 
regenerated electrolyte is returned continuously to the cell. The 
electrolytic oxidation can be conducted with at least 85 per cent 
current efficiency : the distillation is attended with a loss — from 
decomposition and incomplete distillation of the hydrogen peroxide 
—of only about 5 per cent. This process has great advantages 
over the preparation of hydrogen peroxide from barium peroxide in 

Mooney .and Znehariaaon, /Viy.f. licv., 1933 (ii), 44, 327. 
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that the material is obtained in one stage in 30-35 per cent solution 
which has good keeping qualities owing to it-s high purity. 

Both perdisulphuric and permonosulphuric acid, as well as their 
salts, are strong oxidizing agents. They are distinguished from 
hydrogen peroxide by their failure to react with potassiuru per- 
manganate. Iodine is liberated at once from potassium iodide by 
H 2 SO 5 , but only slowly by H^SA- Barium perdisulphate is dis- 
tinguished from barium sulphate by being soluble in water. Oxida- 
tions by perdisulphates are catalysed by silver salts, probably as a 
result of the intermediate formation of the oxide AgO. In presence 
of traces of silver, anunonia is oxidized in concentrated solution ; 

SCNHJjSaOa + 8NH3 = 6(NHd2SO* + Na 
Silver ions also bring about the spontaneous decomposition of 
ammonium persulphate : 

8(NH4)2S208 -b 6H2O = 7(NH4)2S04 -b 9H2 SOi -b 2HNO3 
Thiosulphates are oxidized by excess of perdisulphates to tetra- 
thionatcs or, in the presence of an excess of thiosulphate, to tn- 
thionates. Many metals also dissolve in solutions of perdisulphates 
without evolution of gas, forming their sulphates, or, in the case of 
amphoteric elements such as chromium and arsenic, the con ex- 
pending oxyacids : e.g. 

(NH^hSaOa + Cu = (NHJaSO^ b CuSO^ 

The Percarbonates and Per-acids of Group IV B. 

The electrolysis of concentrated solutions of potassium carbonate 
at — 10 ® with a high anode current density loads to an miode 
reaction comparable with that involved in the formation of pc r 
disulphates. The product is a pale blue potassium percaihonato, 
KjC.Oo, the simplc.st explanation of its formation being m terms 

of the reaction : 

2KCO3- = KjCaCg -b 2c- 

A rubidium salt may be obtained in the same way. but the low 
solubility of sodium and ammonium carbonates is an obstacle to 
the electrolytic preparation of percarbonates of tho>e c eincnts. 
It is probable that potassium perdicarbonate and perdisulphate 
have similar structures, as shown below : 
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5e«, however. Partington and Fathallah. J.C.S., 1050. 1034. This pain r 
oontains a valuable review of the liU-rature of the |Krcarl»oiiaU‘s and lu w 
experiments which elucidate a number of contradictions in earlier wor^. 
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Solutions which are believed to contain analogous percarbonates 
are obtained by the action of fluorine at ca. — 15 ® on solutions of 
the alkali metal carbonates, a possible mode of formation being : 

2Na2C03 + Fa == NaaGaOg + 2 NaF 

Potassium perdicarbonate decomposes when gently heated, with 
liberation of carbon dioxide and oxygen. It is slowly hydrolysed 
by ice-cold water, has strong oxidizing properties and causes the 
immediate liberation of iodine from neutral potassium iodide. 

2K2C20e = 2 Kj,C 03 + 200^ + 0, 

K2C2O3 -I- 2H2O = 2KHCO3 + HoOg 

Another t}TDe of percarbonate with the peroxy group differently 
situated in the molecule was obtained by Wolffenstein and Peltner 
by the action of carbon dioxide on hydrated sodium peroxide, or 
a solution of sodium hydroperoxide in absolute alcohol. There is 
much confusion in the literature as to the exact products of these 
and a number of similar reactions, but it appears that two main 
compounds are formed, NaaCjOg and NaHC04, the first of wliich 
is i.soineric with the electrolytic perdicarbonate. The structures of 
these compounds have not been determined but it is probable that 
they are of the types : 

MK) 0 - 0 — M 0 — 0 — H 

\ - / 

C- 0 --C and O^C 

/ % \ 

0 0 0M‘ 

Ihirtiugtou and Fathallah have also confirmed the existence of 
percarbonates such as Na2C04, I.5H2O. which may be WTitten 
structurally as 0 --C( 0 M^)( 00 M*), and have confirmed tliat some 
of these ]>eroarlionatcs crystallize with hydrogen peroxide of 
crystallization. The existence of percarbonates with this of 
structure is also sliown by the formation of Na2C04 in the reaction 
of phosgene with sodium peroxide. 

2Na203 -f COCI2 = XaaC04 + 2 NaCl + 

Of the other elements of Group IV B, only tin and germanium 
form salts of true per-acids. Hydrogen peroxide reacts with 
stannic acid to give a perstannic acid H 2 Sn 20 ,. 3 H 20 . The salts 
Xa2Sno07,3Il20 and KaSnaO-jSUaO arc formed by the action of 
hydrogen peroxide on the metastannates. 

Solutions of sotlium and potassium nietagermanates similarly 

” Fiihter and liludcr-troen, Hdv. chim. Acta, 1927. 10, 6(56. 

/iVr.. 19US. 41. 2S0. 24 Loc. cit. 

Schwarz and (Jifsc, Her., 1930, 63, 781. 
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yield the compounds K2Ge20,,4H20 and Na 2 Ge 207 , 4 ll 20 when 
treated with 30 per cent hydrogen peroxide at 0®. These salts are 
sparingly soluble and from the mother liquor of the sodium salt 
a second sodium pergcrmanate, NasGeOj, may be isolated. These 
salts may tentatively be assigned the structures below, though i 
should be emphasized that the evidence is very mcomplete. 
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Lead and silicon probably form no true per-acids , the silicate 
perhydrates are dealt with in a later section. 

Pernitric and Perphosphoric Acids. 

Nitrogen pentoxide reacts with anhydrous hjdrogen peroxide at 
low temperatures forming what is believed to be pernitnc acid, 

HNO*.** 

NjOg + H2O2 = HNO3 + HNO^ 

The product loses oxygen even at low temperatures and t e per aci 
cannot be isolated in a pure state, nor have any of its salts been 
obtained. The product of the original reaction may be stabdizc.l 
to some extent by the addition of water or 

under favourable conditions solution.s containing 7 per cm o 
the theoretical yield of pernitric acid may be obtained a.s deter- 
mined by the oxygen evolution on complete decompo.si ion, an 

by the oxidizing power. . , , .1 ^ 

Fichter and Brunner state that permtiati‘s arc formed b} tl e 

reaction of fluorine with 2 per cent .solutions of siKliuni nitrite, b • 
no definite compounds were i.solated and this reaction t ear } noK s 
closer study. According to Gleu/« salts of a i.ern.trous acid 
H00.N0 are formed by the action of ozone on alKali 

Two perphosphoric acids are kn()WTi, which show a sain i 
resemblance to the persulpliuric acid.s. 
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>• d’Am and Fricdarich, Z. anorg. 1»1 1 . 73, 3.4, 

1911. 17 , 850. FIAT Review of German Science, Inorgamc Glien.wtr, , 

Part I, 1948. 197. 

.930,223.30... C-/.ScWd.u.,OKi 

MaMini, Ber., 1910. 43, 1102. 
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In neither case, however, has the structure been investigated bj 
X-ray methods. Solutions of H3PO5 were first obtained by dissolv- 
ing phosphorus pentoxide in 30 per cent hydrogen peroxide. 2® It 
is possible to moderate the violence of the reaction by using aceto- 
nitrile instead of water as a solvent for the hydrogen peroxide. The 
reaction taking place is : 

P^Ofi -f 2H2O2 H2O = 2H3PO5 

The formation of perphosphates by anodic oxidation was first 
realized experimentally by Fichter 3 ® by the electrolysis of a con- 
centrated solution of potassium hydrogen phosphate in the presence 
of a liigh concentration of potassium fluoride. Potassium perdi- 
phosphate was isolated by evaporation and crystallization, and from 
it the barium, zinc, lead and silver salts were obtained. Potassium 
perdiphosphate is stable in the solid state. Its solutions oxidize 
aniline to nitrosobenzene and nitrobenzene. In strongly acid 
solution perdiphosphoric is hydrolysed to permonophosphoric acid 
in a manner exactly parallel to the formation of Caro’s acid from 
perdisulphuric acid. 


Perhydrates. 

In a number of instances salts crystallized in presence of hydrogen 
peroxide are found to contain hydrogen peroxide of crystallization. 
These are often referred to as j)erliydrates. When dissolved in 
water they give the reactions the normal salt and of hydro- 
gen peioxide. A good example of a perhvdrate is the borate 
NaBO2.H2O2.3H2O, which crystallizes under a variety of con- 
ditions from alkaline solutions of borax in presence of hydrogen 
I)eroxide or soilium peroxide. It is produced technically by the 
<*Iectiolysis of a borax solution containing sodium carbonate. (It 
may bo noted in tlii.> connexion that true perborates have not been 
I)repared by electrolysis.) This compound, which is often caUed 
sodium perborate, is used extensively in the preparation of washing 
j)(.wders and bleaclung agents, and also as a disinfectant. The true 
]a‘rborates NH.BO^.Q.SH.O and KBO3.O.5H2O are precipitated by 
alcohol from solutions of the eorre.sponding metaborates containing 

while the eorre.sponding sodium perborate, 
IsaBOa, IS formed by the action of boric acid on sodium hydro- 
peroxide, NaOgH. 

Similar hydrogen peroxide addition compounds are formed by 
some percarbonates, phosphates, silicates and also by compounds 

.7„V/’'‘nr.> ‘‘"r If <>. •‘•5. 1880. Sohmedlin and Masaini, 

J. Arner. Chem. Soc., 1937, 59, 555. 

^ Hdv. chim. Acta, 1928, 11 , 323. 
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which have nothing to do with per-acid formation. The latter 
include compounds such as Na2SO4.9H2O.H2O2, KF.HjOo, 
(C2H5)3N.4H202, C0(NH2)2.H202.®^ In the case of the carbon- 
ates, the position is still somewhat confused because, by the addition 
of hydrogen peroxide to carbonate solutions, it is possible under 
some conditions to form true percarbonates, which themselves 
form perhydrates. It is certain that compounds such as 
K2CO4.H2O2.I.5H2O exist, but doubtful if these are perhydrates 
of the normal carbonates of the alkali metals. 

When sodium metasilicate is dissolved in 30 per cent hydrogen 
peroxide, the perhydrate Na2SiO3.H2O2.H2O is formed. Several 
similar addition compounds have been obtained from other silicates : 
it is, however, doubtful if true persilicates have ever been made. 
A number of perhydrates of alkali metal phosphates have also 
been described. 

Afachu, Wasserstoffperoxyd und die Perverbindungen, p. SOU. 

See Partington and Fatballah, J.C.S.. 1950, 1934. 
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Ion Exchange Resins. 

The significance of ion exchange phenomena in minerals and the 
use of synthetic zeolites for water softening have been familiar to 
chemists for a long time. In recent years, however, this subject 
has acquired a much wider significance, particularly in connexion 
with the separation of the fission products of uranium and of the 
transuranic elements : it is proposed, therefore, at this point to 
discuss it briefly. 

Natural and synthetic siliceous cation exchange compounds are 
for the most part aluminosilicates wdth an open structure which 
allows a ready flow of ions in and out of the lattice. Certain 
materials of this type are discussed elsewhere {see p. 247). It is 
possible, however, to make organic resins which have very similar 
properties and on which, moreover, exchange of either anions or 
cations c.an occur. This development has arisen largely from the 
work of Adams and Holmes,^ who showed that some synthetic resins 
formed from ])he!iols and formaldehyde had exchange properties. 
Similar properties are found in phenol-aldehyde resins containing 
strongly acidic groups such as — SO 3 H or — COjH. In these resins, 
which are hard granular solids, the type of cross linking gives an 
op(‘n molecular structure similar to that in the zeolites and the 
acidic groups form points of attachment for the cations. 

-•\jiion exchange ])roperties are obtained rather similarlv, but the 
most .satisfactory resins are those obtained bv condensing aromatic 
amines {c.g. ja-phenylenediamine) with fornialdehvde. In these 
resins there are weakly basic groups (— NHo and ~N^ H) to which 
anions can attach thcm.-^clves. The molecular structure also must 
be as open as po.'^sible to allow free entry and exit of the anions. 

I ho mode of acth’U of either type (jf rosin depends on the diifer- 
eneos in the atiinity of dilTorent ions for the same centre. Perhaps 
one of the simplest illustrations of the use of these rosins is in cou- 
nexi 4 iii with the demineralization of water in which cations are first 

‘ J. i<oc. Chan. I ml., 103o. 1 T ; Britisli T»atents 450. 30S-0 (1034). Duncan 
nnd Listor. Quart. Her. Chan. Soc., IIMS. 2, 307 ; see also J. Amer.Chetn. Soc.. 
1047. 69, 270U-28S1. 
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removed by a cation excbange resin in which the cation is H'*’. 
Ions such as Ca+'*’ and Mg'*"*" are taken up and hydrogen ions are 
released. The anions {e.g. CO3 and SO4 ) are next removed 
by a bed of base exchange resin giving a product at least as pure 

as ordinary distilled water. 

The factors which determine the relative affinities of the cations 
in a mixture for the same resin are complex. Valency is important, 
and as a rule ions of higher valency are more readily adsorbed and 
less readily removed than those of lower valency. ^\ ith ion* of 
the same valency differences in affinity are often small, and multi- 
stage separation processes may be necessary. The problem may be 
approached in two ways. Firstly the mixture to be .separated ina\ 
be run through the exchange column under conditions such that 
the different ions concentrate at separated zones in the column. 
It is not then necessary that any of the ions should pass out of the 
column (which is usually a vertical glass tube packed with the resin). 
This is a method commonly used in chromatographic analysis, 
which, however, depends on ad.sorption rather than ion exchange. 
It would be possible in this case to cut up the colunm and so isolate 

the contents in the separate zones. 

Selective elution offers an alternative method of separation, and 
is more commonly used. If all the components are first ailsor hed 
on the exchange resin in the column, and a fresh re.igcnt 1* t iin 
passed down the column, the ions may be washed ont at ditferen 
rates and will appear at the bottom of the colunm at iiincrcnt times 
with con-stant flow conditions. Tlio eluting solution i* o ten oiu 
capable of forming a complex with some or all of the adsorbed ions. 
This is well illustrated by work on the separatum of the li.^.sioti 
products of uranium. These include isotojK-s ol zirconium am 
niobium, which are very readily removed froin tnvahmt and 
bivalent fission product ions by eluting with an O*-) pei unt oxa ic 
acid solution, wbicli forms stable oxalate com])lexes only with the 
two elements named. The rare earths may be similarly seleeti\el\ 
eluted and separated by citrate ions with which they appear to ni m 
iU-defined complex ions. This separation is discussed mon* lul 
in the next section in considering the i.solation of t 10 rart oar 1 

promethium. 

Promethium. 

. The search for the missing rare earth eh-ment of atomic miinber 
sixty-one in nature has been conducted w’ilh ver) 
the rare earth scries it lie.s between neodymium (/S — ) am 

samarium (Z = G 2 ), and would be expected to emerge m one or 
‘>ther (,f the fractional crystallization procedures which have been 
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developed. Several claims to have detected the new element have 
been made, though it is very doubtful if any are correct.® They 
have been based on supposed new lines in the optical emission 
spectrum of material obtained in fractionally crystallizing rare 
earth mixtures, on lines in X-ray emission spectra which could be 
attributed to Element 61, or on supposed new absorption bands 
in solution. 

It is now known that isotopes of Element 61, which has been 
named promethium, may be produced in nuclear reactions brought 
about in the cyclotron, and are also formed in the fission of U®®*. 
There is still doubt as to the nuclear assignment of some of the 
activities which have been attributed to promethium, but the 
following are definitely established : ® 


Isotope 

and Decay 

Mode of Production 


3-7y., 

, formed in fission 
(2-6% yield) 

Pm“8 

5-3d.,/9- y 

Nd»« (p, n) 

Pm»« 

47h., /S'*, y 

U(n, f) 

Pmi53 

< 5ai., /S“ 

U(n, f) 

Pm“® 

< 5m., 

U(n. f) 


The relatively large amounts of promethium formed in fission 
make this a suitable source from which to prepare macro quantities 
for chemical work. The fission products of uranium include, how- 
ever, over thirty isotopes of yttrium and the rare earth elements 
fiom lanthanum up to and including europium. This at once raises 
the difiicult problem of how to separate these various elements. 

ith the con\entional methods, depending on differences of solu- 
bility or basicity, this would have been a formidable task, but 
fortunately the new cation exchange resins have simplified the 
sepiiration and identificatiou procedures very much. Ion e.xchange 
sejiarations are also specially suitable for use with radioactive solu- 
tions, as they involve a minimum of manipulation and thus reduce 
the difficulty of shielding the operator from radiation hazards. 
The principles employed have been outlined already, and it only 

remains to refer to points of detail relevant to the isolation o*f 
promethium. 

The exchange rosin was of the sulphonated phenol-formal- 
deliyde type (Amberlite IK-).^ The order of elution of the rare 
earths was first established in a series of experiments using radio- 
active Y, La, Cc, Pr, and Eu and inactive Sm and Nd. '^It was 


Ballou, Phifs. Rev., 1948. 
4 Glendenin and Coryell. J. A,ner. Chem. Soc., 1947, 69, 2785. 
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found that it was the reverse of the order of atomic numbers and 
that unknown isotopes could therefore be identified from the elution 
curve of a group of earths. Next activities present in the rare earth 
fission product mixture were examined. Cerium was removed as 
the sparingly soluble ceric iodatc and yttrium, samarium and 
europium by digestion with potassium carbonate. Then the residue, 
mixed with a lanthanum carrier, was adsorbed on the resin column 
and eluted with a 5 per cent solution of ammonium citrate at 
pH 2-75. Successive fractions of the eluted material were collected 
and the activity plotted against the volume eluted. The curve 
shown below was obtained : 



Volumo olut<xJ (litres). 

Fio. 66.— Elution curve of inU-rmediato r.-xn- curtli fraction 


It was known from the preliminary separation that the mixtaire 

was likely to contain three main fission products (Pm, Nd and 1 r). 

The first peak activity was identified with the isotope (fj, oi d). 

It follows, then, from the order of elution established that the otlioi 

three are due to Pm, Nd and Pr in that order. 

So far little has been published on the chemistry of promethium. 

c c 
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It is fairly certain, however, that it will show no significant differ- 
ences from the other rare earths and will have a single valency of 
three. The K and L X-ray emission spectra have been photo- 
graphed, and the results leave no doubt as to the identity of the 
new element.* 

Technetium. 

The first well-supported claim to have isolated the missing element 
of atomic number 43 was made in 1925 by Noddack, Tacke and 
Berg ® in the course of an examination of the X-ray emission spectra 
of concentrates from platinum ores, columbite, tantalite, gadolinite 
and various other min erals. Element 75 was found at the same 
time and the two were named masurium and rhenium, respectively. 
The subsequent histories have been ver}’- different, for, whereas the 
discovery of rhenium has been amply confirmed and its descriptive 
chemistry is now knovm in some detail, the occurrence of masurium 
in nature has never been independently verified. Indeed it seems 
probable that the original work was in error and that the more 
recent work on radioactive isotopes of Element 43, to which the 
name technetium has now been given, also represents its first 
discovery. 

It is important to examine the supposed isolation of masurium 
more closely before passing on to the more recent work, as it will 
bo seen that the procedures used were capable of isolating the 
element. The treatment of a Ural platinum ore will therefore be 
briefly described as an example. Some 80 grams of the mineral 
were evai)orated to dr}Tiess with aqua regia and the residue was 
ignited alternat-.dy in hydrogen and in oxygen to drive off all 
sublimable material. The sublimate separated in zones, corre- 
sponding to constituents of differing volatilities and consisting of 
ruthenium, osmium and arsenic oxides. There was, however, a 
small amount of sublimate consisting of white needles, w’hicb could 
be resublimcil in oxygen at 400® and which blackened in hydrogen 
sulphide. The quantity was of the order of 1 mg. and it was on 
such a sample that the X-ray examination for Elements 43 and 
75 was carried out. 

The and lines of 43 were identified, the observed 

wave-lengths being 0-672, 0-675 and 0-601 a., compared with the 
values of 0-6734, 0-6779 and 0-600 a. calculated from Moseley’s 
Law. This agreement is not perfect, and it now seems likely that 

6 Burkhart. PtM-d and Spitzer, Phys. Rev., 1049, 75, 80; 76, 143. 

« Xoddark, 'ra<-ke and Berg, Si(::bcr. Prcu^s. Akad., 1925, 400 ; Nahirtciss., 
1025. 13, 507 ; Tacke, Z. angciv. Chem., 1925, 38, 1157. 
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tli6S6 liii6s were due to overlsp with. tli6 mors complex L spectra 
of some other element present. The highest concentration of 43 
claimed was 0-2-1 *0 per cent’ in a sulphide concentrate from 
columbite, and no pure compound was ever isolated. 

The artificial production of Element 43 by nuclear reactions was 
first realized experimentally by Perrier and Segre.® A molybdenum 
plate was used as a cyclotron target and bombarded with deuteron.-' 
and secondary neutrons. Sufficient tune was allowed for any short- 
period induced radioactivity to decay and after six weeks the 
molybdenum still showed a strong activity which was chiefly duo 
to slow /^-particles. 

The possible artificial radioactive elements which could have been 
formed from molybdenum under these conditions were : zirconium 
niobium, molybdenum and technetium. Of these, zirconium could 
be produced by fast neutrons, molybdenmn and niobium by 
neutrons or dcuterons, and technetium by deuterons. In addition 
there was the possibility of an activity arising from impuntie>. 
The principle used in determining the cau.so of the actmty was to 
add in turn, to separate portions of a solution of the molybdenum 
in aqiia regia^ milligram quantities of inactive niobium, riuniium, 
manganese and zirconium, and then to recover this inactive material 
by normal anal}^ical procedures. It was found that the activit) 
was consistently separated with rhenium, but not with niobium, 
zirconium or molybdenum. It was concluded that it was due to a 
new element (technetium) which was similar chemically to rhenium. 

These ‘tracer’ experiments were carried further. Ihus the 
activity was precipitated from solution with manganous aia 
rhenium sulphides, showing that technetium probal)ly lormod an 
insoluble sulphide under the conditions used. iMoreover when tlie 
molybdenum containing technetium was converted to i I0O3 
the addition of some inactive rhenium, and then heated at ooO 
in oxygen, the rhenium volatilized as oxide an<l was accom]^niued 
by technetium. When thallium perrhenate was ])recipitated it 
again carried technetium with it. These and a number of similar 
experiments conducted with minute amount.s of material .'Served to 
establish the general chemical similarity of the two C.nmp \U 

elements. i* . i. 

It is now known that at least six radioactive isotopes of technetium 
can be produced by suitable nuclear reactions. The isotope studied 
by Perrier and Segre was Tc®’, which has an 88-day Imlf-life. J ho 
most useful isotope for chemical studies is, however, Ic , wln< h is 

’ W. and I. Noddnek. MtUiUborsc, 192r>. 16. 2129 ; Chem. Sor. An?,. 

1936, 32, i43. 

•/. Chem. Phj$., 1937, 5. 712 ; 1939, 7. 155. 
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/5-active with a half-life of 9-4 x 10® years. This may be produced 
by the irradiation of molybdenum with neutrons in the pile. 

Mo«» Mo39 ^ > Tc®» — Ru®® (stable) 

07 hr. 9-4 X 10‘y 

The same isotope is also formed with a yield of 6-2 per cent in 
the fission of This is a source of macro quantities of tech- 

netium. The separation is complicated by the high activity of other 
fission products present in the uranium, which necessitates the use 
of heavy screening from radiation when carrying out the separation. 
Uranium containing the mixture of fission products is first dissolved 
in hydrochloric acid and the UCI 4 formed is oxidized to UOoCU 
by hj'drogen peroxide. The essential step in the separation of 
technetium from the resulting solution is the addition of platinum 
chloride and the passage of hydrogen sulphide at 90®. This pre- 
cipitates platinum sulphide (PtS 2 ) with the acid-insoluble sulphides 
of other fission products (including TcgS^). The sulphide precipitate 
is separated, dissolved in ammoniacal hydrogen peroxide and the 
solution evaporated to dryness with the addition of bromine. The 
dry residue is distilled with 18-N sulphuric acid, when technetium 
distils as tlie oxide TcgO^. In order to obtain the technetium in 
a pure state it is recycled several times through sulphide precipita- 
tions and sulphuric acid distillations. 

The information at present available on the chemistry of 
technetium is .‘scanty.® The metal has been prepared by reducing 
TcaS, with hydrogen and is found to have a hexagonal close- 
packed lattice and to bo isomorphous with rhenium, ruthenium 
and u.'^mium. Tlio X-ray emis.sion spectrum has been examined 
and the wave-lengths found to correspond with those predicted 
from Moseley s law. It appears that the stability of the 7 
oxidation state is greater than that of manganese but less than 
that of rhenium. 

When technetium metal is heated in oxygen at 400-600® a light 
yellow crystalline oxide (m.p. 119-5®) is formed which has been 
identified as TcoO-. This is very hygroscopic and dissolves in water 
to give a ]unk .solution with the characteristics of a strong monobasic 
acid. On slow eva])oratinn of the acid solution over sulphuric 
.acid rcd-!)Iack hygroscopic crystals of the acid HTcO^ separate. 
Its ammonium salt, NII/TcOj, is stable in air at 100®. The pertech- 
netate ion shows an intense ultra-\nolet absoq)tion with maxima 
at 2470 and 2890 A., which serves for the detection of as little as 
10 -® g. Tc. Technetium forms a dark brown sulphide which is 

» S^c Friedlaiulor and Kennedy. Iniroductinn to Rndiochemistry (John Wiley 
and Sons. liic.. New York. 1949). p. 270; Boyd, Cobble, Nelson and Smith 
(unjnibli.sh«-(l ol).scrvations). 
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insoluble in acids, and which, when heated in chlorine, probabI\ 
forms a volatile chloride. The only evidence for the existence of 
lower valency states of technetium is that precipitates of iMnO^ 
andMn ( 0 H )2 carry technetium in presence of strong reducing agents. 
The availability of macroscopic quantities of the element should, 
however, lead to a rapid advance in our knowledge of its chemistry. 


Protactinium. 

Among the missing elements at the time when Mendeleef first 
drew up the Periodic Table was one preceding uranium, which h.* 
named eka-tantalum. This is now known as protactinium (1 a) 
It was discovered independently by Hahn and Meitner in 1917 and 
by Soddy and Cranston in 1918, and was recognized as the parent 
of actinium, which it forms by the lo.ss of an a-particle. This iso- 
tope, Pa«i, has a half-life of 3-2 X 10* years, but there are others 
among which the 27-4 day Pa^” is specially important. It is a 
member of the 4« + 1 series {see p. 536) anci is foniu^d by the 
a-decay of {(,, 2-2 x 10« y.). A more convenient source, how- 

ever, is thorium, which, under bombardment with slow neutrons, 
undergoes the following reaction : 






i;2 33 


1 ox Ui* > 




1*3 min. ^ ^ 

The ^-active isotope Pa^^^ is a very useful material fur use in 
studying the chemistry of the clement by tracer 
is easier to obtain and safer to handle than natural la- • u* 
chemistry, and especially the valency states, of protac'tinuiiu are 
particularly important because of the uncertainty oi the relations up 

to the actinides. . . 

Uranium minerals contain about 8 g. of protactinium per 
10 g. of radium. A weighable quantity (2 mg.) was iirst isolate, 
from pitchblende in 1927 bv von Gro.sse.*® In 1931 Graue nn< 
Kading” worked up 5-5 ton.s of Joachimsthal ra.lium i'‘sidiies and 
obtained 0-5 g. of prot-oactinium in tlie form of the .salt K 
At about the same time von Grosso and .\grii.ss i.solate.i a furtlier 
0-1 g. of the oxide. The .starting material was a pitcliblende 
residue the main constituents of which wore . ^ 


SiO, . 
Fo,0, . 
PbO . 


% 

00 

22 

8 


A1,03 

MiiO 

CaO 


5 


MizO 


J 

0-G 


'I’i . . 

Zr i Hi 


or> 

01 


Nature, 1927. 120, G2i ; Her., 1928, 61. 283- 

Angew. Chem., 1934, 47, 060. _ . 

“ J. Amcr. Chem. Soc.. 1934. 56. 2200 ; Ind. hng. Chem.. 103,>. 27, 4— . 

also Chem. Soc. Ann. Hepte., 1936, 32, 144. 
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The protactinimn content of this material was 300 mg. of PajOg 
per metric ton, corresponding to a concentration of 1 in 3,000,000. 
The richest pitchblendes contain about 200 mg. per ton. The three 
main steps in the large-scale extraction were : 

(1) Leaching with hot 25 per cent hydrochloric acid for 2 hours 
at 95®. This removed the iron, the more basic oxides and most 
of the lead. The residue consisted of silica together with small 
amoimts of the less basic oxides, notably those of zirconium and 
titanium. The protactinium concentration in this residue was 1 in 
2 , 000 , 000 . 

(2) and (3) The residue was fused with sodium hydroxide, the 
sodium silicate formed being leached out from the melt, and the 
solution acidified wdth hydrochloric acid. The protactinium at this 
stage was divided between the precipitated silica, which contained 
about 70 per cent, and the acid liquor, which contained the 
remainder. From the latter the protactinium was precipitated, 
together with zirconium, as phosphate by the addition of a zirconium 
salt and phosphoric acid. Co-precipitation of zirconium with 
protactinium under these conditions was complete. It was neces- 
sary before carrying out this precipitation to add an excess of 
hydrogen peroxide to conyert titanium to pertitanic acid and so 
prevent its co-precipitation with the zirconium. The coagulated 
silica re.sidvie was treated with 20 per cent sodium hydroxide solu- 
tion, and the residue dissolved in hydrochloric acid and treated 
as before for the precipitation of zirconium phosphate. The above 
operations, .starting with 1000 kg. of residues, gave 4*9 kg. of 
zirconium phosphate containing 250 mg. of protactinium at a 
concentration of 1 in 20,000. By eliminating phosphoric acid and 
silica this concentration was further increased to 1 in 5,000, the 
net recovery being about 75 per cent. 

The material obtained from the above large-scale operation may 
be further concentrated on a laboratory scale by fractional crystal- 
lization of zirconium oxychloride from hydrochloric acid, when 
protactinium is enriched in the solution, or by fractional precipita- 
tion of zirconium phosphate. When the protactinium concentration 
reaches abo\it 10 per cent, the bulk of the zirconium may be removed 
bv sublimation as cliloride, while protactinium pentoxide is then 
precipitated from acid solution by means of hydrogen peroxide.^® 

The separation of protactinium from concentrates may be 
greatly simplified by adsorption on a manganese dioxide precipitate 
followed by separation from manganese by an ion exchange resin. 
Alternatively it may be separated from manganese by conversion 
to its cupferron complex and extraction of the latter by means of 
Von Grosso aud Agruss, J. Amer. Chem. Soc., 1934, 56, 2200. 
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organic solvents^* These newer methods of separation have been 
worked out with tracer quantities of but there seems !io 

reason why they should be not used to isolate larger quantities 
of the natural isotope Pa-®^. 

The reactions of protactinium peutoxide show it to be basic, 
whereas the pentoxides of tantalum, niobium and vanadium are 
acidic or amphoteric. Thus, on fusion of a zirconium-protactinium 
mixture containing tantalum with potassium carbonate, part at least 
of the tantalum goes into solution, whereas the protactinium 
remains in the residue. Protactinium pentoxidc is precipitated 
from sulphuric acid solution by hydrogen peroxide, whereas 
tantalum pentoxide is not precipitated in this way. The oxides 
of both elements dissolve readily in hydrofluoric acid and are 
reprecipitated by ammonia. Treatment of the pentoxide with 
carbonyl chloride at 550® converts the oxide to the pentachloride 

PajOs + SCOCIa = SPaClj + 500. 

The halide sublimes in almost colourless needles, which melt at 
301® and sublime somewhat below this temperature. The crystal- 
line complex fluoride, also been prepared by di.ssolving 

the oxide in hydrofluoric acid and adding potassium fluoride, nud 
corresponds to the fluorotantalatc KjTaF,. 

Metallic protactinium was prepared by two methods.^® In the 
first the pentoxide supported on a copper target was subjected 
to electron bombardment in high vacuum, when oxygen was split 
off, leaving a shiny and partly sintered metallic mass, which was 
stable in air. Alternatively, decomposition of the vapour of the 
chloride, bromide or iodide of protactinium on a tungsten filament 
heated to a high temperature, gave a (l<‘posit of tlie metal. 

More recent studies of the chemistry of ])rotactinium have 
shoNvn that the composition of the sup])oscd j)cnto.\ido is probably 
more correctly represented by the formula PaOg.os PiViOg. ^\lien 
this material is ignited in oxygen at 1100® the pentoxide is formed, 
while when heated in hydrogen at IGOO® the oxide PaOj is produced. 
This dioxide is converted by hydrogen fluoride to a tetrafluoride, 
I*aF 4 , which may be reduced by barium at 1500® to protactinium 
metal. The oxide PaO forms as a surface contamination on the 
metal and has been shown to have a rock salt structure. W hen the 
metal is heated in hydrogen at 250-300® the interstitial hydride 
Pallj is formed, which resembles UH 3 . This recent work, in wliich 
microgram quantities of the element have been used, has confinneil 

** Maddock and Miles, J.C.S., 1949, S.253. 

»» Ref. J3. 

** Sellers, Fried, Elson nrid Zach.irijiscii, Xllth ('>>»gr. Pure Apjtl. 
Chem., New York, 1951, Ahstr., 376. 
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the formation of a volatile chloride, which is probably PaCls and 
is reduced by hydrogen at 500® to PaCl 4 . The tetrahalides of pro- 
tactinium appear to resemble those of thorium, uranium, neptunium 
and plutonium. The pentoxide is converted by hydrogen sul- 
phide to the compound PaOS, which resembles ThOS, UOS and 
NpOS. Independent evidence for the formation of an insoluble 
tetrafluoride has been obtained by Bouissieres and Haissinsky.^’ 

Astatine. — It is convenient to discuss the production and 
chemistry of the new halogen element astatine at this point, for 
although it is not a metal, its mode of production and radioactive 
properties relate it closely to certain of the heavy radioactive ele- 
ments. It is fairly certain that astatine does not occur in nature in 
amounts which have any significance for chemical work. Isotopes 
occur, however, as short-lived branch products in the uranium and 
actinium decay series, but the only chemical studies so far reported 
have been made on material prepared by means of the cyclotron. 
The isotopes At^^®, which is prepared from Bi*®® by an (a, 3n) 
reaction and decays by K-capture (ij, 8'3hr.), and At an a- and 
y-ray emitter (/j, 7*5 hr.) prepared by the reaction Bi^®® (a, 2n) At®'^, 
are the longest lived : the second is more suitable for studying the 
chemistry of astatine. 

The isotope At®“ was prepared by bombarding a bismuth target 
with 21-29 Mev helium ions.^* The choice of particles in this energy 
range is critical since, above 28 Mev, At*^® is also produced by an 
(a, 3n) reaction and its decay by K-capture to Po-^® introduces an 
undesirable impurity. Astatine is separated from the target by 
volatilizing it in vacuum from the melted bismuth, and condensed 
in a tube cooled in liquid nitrogen. The material collected is 
tlis-solved in a drop of nitric acid and washed with distilled water 
into a stock bottle. The solution chemistry of astatine must be 
investigated with o.xtremcly dilute solutions because of the very 
high specific activity of At®“ ((j, = 7-5 hr,). Thus a molar solution 
would emit 1-51 x 10^® a particles/c.c./sec. and these would lead 
to rapid decomposition of the water. Most work has therefore been 
done with solutions which were molar. 

Astatine shows its similarity to the halogens by being appre- 
ciably volatile from a glass surface even at room temperatures, 
although it is strongly hold on silver. It appears to exist in aqueous 
solution as the free halogen and may be extracted by carbon tetra- 
chloride or benzene. In establishing this point experimentally 

" BouissieVea and Iluissinsky, J.C.S., 1949, S, 25G ; Compt. rend., 1948, 
226, 573. 

Corson. Mackonzio and Spgrt\ Pht/s. Bev.. 1940, ii, 57, 459; 58. 672; 
Johnson, Ix'iningor and Segrt>, J. Chem. Phys., 1949, 17, 1. 
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it is necessary only to determine the distribution of a-activity 
between the two phases. This is a much more sen.sitive method 
than any ordinary physical or chemical analnical procedure and 
is therefore suitable for use with very small quantities of the 
halogen. 

Free astatine is oxidized by hypochlorite or a hot persulphate 
solution to the AtOj" ion. This is shown by ionic migration experi- 
ments on the oxidized solution, in which the direction of movement 
of the astatine is followed by measurements of the radioactivity 
of the solution. The astatine migrates to the anode. Furthermore 
if silver iodate is precipitated in the oxidized solution it carries 
the astatine with it. There is some evidence that weaker oxidizing 
agents {c.g. bromine) produce the AtO“ ion, but this has not been 
so clearly established. On reduction by sulphur dio.xide the astatide 
ion, At", is formed. This has been shown to migrate to the anode 
and is also carried completely by silver iodide. There is no evidence 
as yet that astatine forms a cation or has reactions similar to those 
of positive iodine, but it must be remembered that the scope of 
experimental work is very limited, the .short half-life making it 
unlikely that macroscopic quantities will ever be available. The 
general similarity to the halogens has, however, been establi.shed 
by the experiments de.scribed above, and will no doubt be further 
demonstrated in the future. 

Francium.— There have been a number of investigations designed 
to isolate the heavie.st of the alkali metals, which i-s now known as 
francium, from natural sources. It w'ould, for example, be expected 
to form an alum less soluble than caesium alum, .since tlic solubility 
of the alkali metal alums decreases progressively from sodium to 
ctesium. Fractional crystallization of mixtures of alums obtained 
from minerals rich in caesium has, however, always given inconclu- 
sive or negative results w'hcn either the X-ray emission spectrum 
or the radioactivity of the tail fractions of alum crystallizations 
has been examined. 

The three classical decay series all have a-active isotopes of 
radium (Z = 88) in their main decay chains, leading to a radon 
isotope (Z = 86), so that Element 87 is not formed. It could, 
however, be produced by the /3-decay of a radrui isotope or th(^ 
a-decay of an isotope of actinium (Z = 89). There is no evidence 
that radon isotopes arc anything but a-active, but it was found by 
Paneth in 1914 that in the actinium series tin; isotope Ac-”’, which 
decays mainly by ^-particle emission, also emits .some a-partiele.s. 
It was not certain at the time that this was a true decay of actinium 
itself, which is difficult to obtain free from other radioactive sub- 
stances, and the matter was not settle<l until recently, when 
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Mile Perey showed clearly that Ac®*’ decays in two ways, as 
shown below : 

r S21 

(1.2%) \4^^(21 min.) 

^ Ra”i ^ Rn"'l- 

Th 

The francium isotope has a half-life of 21 mins., and the method of 
investigation was to allow a purified actinium solution to decay 
until the 21 min. activity had reached an almost constant value 
and then determine the carriers with which it was coprecipitated. 
It was sho^vn that it was not precipitated with CeO,, PbS or BaCOg. 
When, however, a small amount of a soluble cjesium or rubidium 
salt was added to the active solution and then precipitated (as the 
insoluble perchlorate, picrate, hexachloroplatinate, chlorobismuth- 
ate, M^2®^Cl5,2'5H20, or chlorostannate) part or all of the 21 min. 
acti\nty was always coprecipitated with the alkali metal. Thus, 
though there is little possibility of isolating the new alkali metal 
or its salts in weighable quantities, it has been clearly sho%vn that 
it resembles the two heavy alkali metals in its precipitation 
reactions. As in the case of astatine which has already been 
described, the great sensitivity of methods for detecting radio- 
activity enable this fact to be established on quantities far smaller 
than would be needed for normal microchcmical experiments. 

Other francium isotopes have been produced artificially. The 
i.sotopc for example, occurs as a product of the a-dccay of 

Ac225 Jjj 1 scries {cf. p. 536). It decays by a-particle 

emission 4-8 min.) forming the short-lived a-active astatine 
isotope At®*’ (?j, 0 02 see.). More important, however, is the 
production of Ac**’ by neutron irradiation of radium 

Ra22fl ^ > Ac®*’ 

Produced in this way, actinium is much more readily freed from 
other radioactive elements than when it is worked up from naturally 
ticcurring .“sources. The decay of Ac®*’ so obtained gives a very 
convenient sourec of matorini for further work on the new alkali 
metal. 


,,, ^S.9d.) 


Pa 


3 2x10 y 


( 22 /) 
(98 8 ^ 


Polonium. 

At tlio present time numerous isotopes of polonium ure known. 
All arc radioactive, emit a-rays, and, with the exception of Po®*®, 

Phys. Radiuyn. 19.30. 10. 435 ; Porev and Lacoin. tbid., 1039, 10, 439 : 
Percy, J. ('him. Phij.^., 1940, 43, 155. 
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which has a half-life of 140 days, are short-lived. The isotope 
which is also known as radium F, is a member of the uranium 
decay series and decays to the stable end product Pb^oe. One 
artificial isotope, Po2o^ a member of the (4n -1- 1) decay senes, has 
a half-life of about 200 years. Such information as we have on 
the chemistry of the element has. however, been obtained with 

Po2l0 

Polonium was discovered in 1898 by lladamc Curie as a con- 
stituent of Joachimsthal pitchblende. In its isolation from tlii.-^ 
source the ore is broken down by roasting with sodium carbonate, 
excess of the latter being removed by leaching with warm water. 
Treatment with dilute sulphuric acid dissolves the uranium and 
leaves a residue which contains lead, calcium, barium radium and 
other heavy metals. Included among the latter is polonium, ihe 
next stage in the treatment consists essentially m leaving tlic radium 
in the residue, in the form of its insoluble sulphate, by digestion 
with hydrochloric acid. Treatment of the hydrochloric acid solu- 
tion with In^drogen sulphide then precipitates tlie sulphi(jos of 
polonium, bUmuth. copper, lead, antimony 

third active precipitate containing actmiuiu am ic rare . - ^ 

formed by oxidizing the filtrate from the snip m c 

greatly facilitated by the fact that the element is deposited 
tatively from its solutions on a rod of a metal such as silver, c opper 
or nickel. It has a very low deposition potential. 

The separation of polonium concentrates is ^ 

carried out by starting from UaD, a lead isotope \\ lu s 
mediate in the decay series between Ra and 1 o, ant a o\m 
grow into polonium. The following clianges occur. 

Pb^o (RnD) — > 

The lead isolated from uranium minerals contains 
when it is stored, becomes richer in pobniuni. le i, ’ 

separated from time to time from the lead so u ^ • -n tive 

trolysis or by deposition on to a metal (o\\ (c.<j. ^ ji}- ’ 
deposit ’ in bd radon tubes is also a very conven.ent ‘ ^ « 

RaD and Po. It is dissolved in an aeid and tlie polonium i. tli 

deposited on to a metal introduced into 

Polonium may also bo produced by irradiatme I„m. utl, v i 

neutrons, larRc t.ismu,,!, 

nuclear reaction 13 : — *■ Bi 

used is in the form of pelleted busmuth oxi.h' 

is dissolved in hyd^chloric acid. Tc‘llunum chlon.le is a led 
to the acid solution and, on treatment uith stannous chlonl , 
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elementary tellurium is precipitated and carries the whole of the 
polonium with it. The precipitate is not appreciably contaminated 
with bismuth. It is dissolved in hydrochloric acid with the addition 
of an oxidizing agent, and from the resulting solution hydrazine or 
sulphur dioxide precipitates tellurium. Under these conditions the 
tellurium does not carry down polonium, which remains in solution 
and may be deposited on a metal foil in the usual way. This 
procedure may furnish material for macrochemical studies of the 
element and its compounds. 

Most of our fragmentary knowledge of the chemistry of polonium 
has up to the present been obtained in experiments employing very 
small quantities. The chemical properties show some points of 
resemblance to bismuth and tellurium. The sulphide is less soluble 
than the sulphides of bismuth or lead and is more volatile than 
bismuth sulphide. Polonium compounds are also readily hydrolysed 
and reduced. The element forms an insoluble hydroxide and also 
a volatile hydride {see p. 291). The normal potential calculated 
for the electrode Po/Po*-^ in the concentration range 10“®-~10“®N 
is -I- 0*77 volts. It thus lies between tellurium and silver in the 
electrochemical series.-® 

A good deal of information has been obtained by applying the 
principles of isomorphism, according to which, from the iso- 
morphous crystallization of polonium with salts of known formxJa, 
the formation of a polonium compound of similar formula may be 
inferred. It is necessary here to distinguish clearly between adsorp* 
tion and true isomorphism. Consider, for example, a solution of 
polonium and tellurium in h 3 *drochloric acid to which stannous 
chloride is added to precipitate tellurium. It is found that over a 
range of acid concentrations and for dilTerent values of the Po/Te 
ratio the ratio : 


Po : Te in the precipitate 
Po : Te in the mother liquor 


= a constant 


This is regarded as a case of isomorphism, where polonium is incor- 
jiorated in the tellurium lattice. If, on the other hand, barium 


chloride is added to an acid polonium solution and barium sulphate 
is precipitated b}' adding sulphuric acid, the amount of polonium 
carried by tJie precipitate becomes less as the acidity of the solution 
is increased. This i.s a case of adsorption. The differentiation of 
the.se two effects is not, however, always clear and e^ddence of this 
sort must be \dewed critically. In all such experiments the 
jiolonium concentrations are measured directly by determining the 
activity of the solid and .solution. 


2® Coclip. Foraggi, Avignon and HaTssinsky, J. Phija. Radium, 1949, 10, 312. 
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The information gained in this %ray enables the formulae of certain 
polonium compounds to be \\Titten with some degree of certainty. 
Thus sodium telluride was prepared by the action of a solution of 
sodium hyposulphite, NajS-O^, on tellurium containing polonium. 
The distribution coefficient of polonium between the sodium 
telluride crystals and the mother liquor was constant, indicating 
the existence of the compound NajPo, isomorphous with Na^Te.^ 
As an extension of this work it was sho\ni that polonium dibenz\ l. 
Po(CHoC 6 Hji) 2 , and tellurium dibenzyl, lYKCH.CeHs),, were also 
isomorphous and that polonium formed a volatile methyl derivative, 
PoMe^. Indications have also been obtained that polonium may 
form a volatile carbonyl. 

The work of Guillot ^3 leads to the conclusion that polonium can 
also have valencies of three and four. Thus addition of sodium 
thiocarbamate to a solution of polonium and a bi.snnith salt give.s 
a precipitate which is believed to contain the thiocarbainate of 
trivalent polonium, with a co-ordination number of six. 
is believed to be trivalent also in the compound otlo.liat). 

which is isomorphous with the corre.sponding indium compi.und. 
The compound (NH^laPoClc is also isomorphous 

sponding complex salts (NHjljPbt’lg. 

in presence of excess of chlorine, and with (NHjloltC e 
absence of chlorine. In the.sc cases the element is believed to 
be quadrivalent. Polonium acetylacetonate has been stuilie.l bv 
Servigne,** who found that the hydroxide was soluble m acetyl- 
acetone, the evaporated product being soluble in chloroform 
benzene, alcohol or acetone. When the mixed acctvlacetonates <,f 
thorium, aluminium and polonium were Iractionally crystalli/.iHi. 
the polonium separated with the tliorium. which again shows that, 
under these particular conditions, polonium was probably quadri- 
valent. The electrochemical bi'haviour also acconls with the 
6xistcnce of two valency states, the element passing roin one o 

the other with comparative case. 

Fragmentary information on the polonium comjjle.xeN !>- <> > aina > e 
by ion migration experiments. Iii very dilute acid solutions (c 7 . 
0-05N HCl or HNO,) most of the polonium migrates to the 
whereas in HCl of strength 0-2N. or in HNO 3 of strength wN. it 
goes to the anode. The behaviour in sulphuric acid is .similar, it 
must be emphasized again that sucli experiments art « one \m 1 
minute amounts of material. They do. neverthelcs.s, giNc a t tar 

« Chlopin and Samartseva, Cornpt. rend. Acml. Sci.. U.H.S.S., 1934. 4, 433. 

*• Curio and Lecoin, Cornpt. rend., 1931. 192, 1453. ^ 

** Cornpt. rend., 1930, 190, 127. 690; J. Chim. Phy.-<.. 1931. 28, 14. J-. 

rend., 1933, 196, 204. 
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indication of complex formation, possibly involving such ions as 
Po(N 03 )g — and (PoClg) — . Some experiments with macroscopic 
quantities of polonium have already been carried out.®® These 
include a determination of the crystal structure of the metal, pre- 
pared by electro-deposition on platinum foil from a dilute nitric 
acid solution of polonium nitrate. There were indications from an 
abrupt change in electrical resistance near 100° that the metal 
exists in two allotropic forms. It melted at about 240-255°. 

The Transuranic Elements.®® 

The following transuranic elements are known at present : 

93 Neptunium Np 96 Curium Cm 

94 Plutonium Pu 97 Berkelium Bk 

95 Americium Am 98 Californium Cf 

The methods by which certain of their isotopes are prepared are 
described later (p. 535) : at this point, however, it is convenient to 
discuss their chemistry in so far as it has been elucidated. The 
outstanding point of interest, which arises naturally from the fact 
that these elements represent an extension of the Mendeleef periodic 
table, is whether the transuranics are part of a new group of 
transition elements analogous to the three well-established groups, 
or of a new group analogous to the rare earths. The physical and 
chemical evidence available favours the second view. 

*Vny structural analogy between the transuranic elements and the 
rare earths implies that some of the bf orbits are occupied in the 
lormer, just as the 4/ orbits are occupied in the rare earths. The 
natural place for this process to commence would be in thorium 
since the preceding element, actinium, is similar chemically to 
lanthanum, which lias no electrons in its 4/ shell. The four valency 
electrons of thorium, however, are known from spectroscopic data 
to have the 6d®7s® configuration. The configuration for pro- 
tactinium is u::i;r;a\s-n, but that of uranium may be 
There is theref an a priori case for supposing that, in the elements 
which follow, the bf shell is progressively filled and that it would be 
lialf filled in curium, which should be the analogue of gadolinium. 

1 he absorption spectra of compounds of the transuranics resemble 
tho«e of the rare earths. In the latter the ions are coloured and 
sbo%v abnormal U’ sharp absorption bands due to electron transitions 
among the 4/ levels. The sharpness is due to these levels being 
shielded by fis and 5p electrons from distortion by the fields of 

“ Maxwell, J. Chem. Phys., 1949, 17, 1288. 

” See Lister, Quart. Rev. Chem. Soc., 1950, 4. 20. Data have been quoted 
from this source, which gives further details of the chemistry of the transiuunio 
elements. 

” Kiess. Humphreys and Laun, J. Res. Nat. Bur. Standards, 1946. 37, 57. 
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surrounding molecules. An exactly parallel effect is observed for 
uranium and the elements which follow it. The bands are particu- 
larly sharp in the absorption spectra of the few solid crystalline 
compounds of the transuranics which have been examined. 

The magnetic properties of the ions of the transuranic elements 
may be consistent with the presence of 5/ electrons, since is 

an apparent correspondence between their moments and t ose 
of ions of the rare earth elements with the same number of e ectroii^s 
above the rare gas core. The following data illustrate this point. 
The moments are giv’en in Bohr magnetons. 


f 

J<m 

1 

1 

No, of elecirons 
above Rn core 

Moment 

1 

Jon 

No. of electrons 
above Xe core 


Np02»+ 

NpO,+ 

1 

2 

2-40 1 

2-96 ' 

Pr3 + 

1 

2 

2*39 

3‘4G 

PuO,2+ 

2 

2-95 , 





2 

291 

1 


o rzO 

u*-** 

3 

3-20 

! Nd’+ 

3 


Np*+ 

3 

303 

1 



Pu«+ 

4 

1-85 



1*68 

Pu»+ 

6 

090 

Sm»+ 

o 

Am*+ 

6 

1 

0-8 

1 


1 

. . 


The ionic radii of all the transuranic elements except curium arc 
now known with some certainty as a result of X-ray t e 

of the structures of a number of compounds. Tlieses owa 

as the series is ascended which parallels the lant lanu e con r 
in the rare earth series. The size of an ion is c e .erimnei • 

position of the outermost electrons, and in the rare ear i sene ^ 

believed that the contraction is due to a ‘ ' 

effective nuclear charge (the nurlear charge minus le 
effect of the other electrons). This implies that the 
of an extra electron in the 4/ shell is less than la ^ ' 

electron in the outer orbits and that consequently ■ le ou e . 

are progressively more strongly attracted us ve pass rom 
to luteaum, with a consequent contraction m the ionic radiu . 


Table 1 


Contraction in Ion 

Size in 

Hare Earths a 

nd Trarfiura 

nic Elements 



( Ac 

1.11 

Th 

Pa 

V 

1 (>t 

A'/' 

102 

J'U 

1*01 

A tn 
100 

Radiua of trivaU-nt ion 

in A. 

> 1 i i 

\ Im 

Ce 

Pr 

A’-/ 

I’m 

»Snt 

Ku 



U04 

102 

1*00 

0-99 


01)8 

0*9/ 




Th 

Pa 

tr 

Np 

Pu 

.'1 tti 

Radius of quadrivalent 

ion in a 


O-Of) 


0-89 

0-88 

0*80 

(1-S6 



404 MODERN ASPECTS OF INORGANIC CHEMISTRY 

Tlie transuranics are seen to show a very similar contraction and 
this is consistent with the preferential ^ling of the orbits in 
the series. 

The Chemistry of the Tran^ranic Elements . — The valencies of the 
transuranic elements known at present are summarized below, 
together with those of the corresponding rare earths. 

Valencies of Transuranic Elements and Rare, Earths 



Cf 

3 

Dy 

3 


The striking point about this table is that the elements between 
actinium and curium all have valencies greater than three. The most 
stable valency of thorium is four, indeed only recently have the di- 
and tri-iodides been prepared. The valencies of protactinium are 
still rather uncertain, but the most stable valency is probably five. 
Uranium is most stable in the sexavalent state and in the elements 


which follow the lower valency states become progressively more 
stable, until in curium, the analogue of gadolium with the con- 
figuration bp, there is, as far as is known at present, a single valency 
of three. Americium is interesting in that there is definite evidence 
{vide infra) of a bivalent state. The only published work on 
berkeliuni and californium shows the valencies tabulated above. 
The higher valencies of the transuranics compared with the rare 
earths may be attributed to the fact that the bf electrons are less 
firmly bound than the 4/. This was predicted by Bohr in 1922. 

The elements of the transuranic scries are all base metals and 
form simple hydrated ions in aqueous solution. In this respect they 
differ sliarply from the platinum metals which are noble and have 

' ^ simple cations. The ions and oxy-ions 

known to exist in solution arc shoT\’n in the table below. 


UO,*+ NpO,»+ PuO«>+ AmO,*+ 

UOj+ NpO,+ PuOa+ 

Th^+ V*+ Xp*+ Pu4+ 

Ac3+ Np»+ r„a+ Am»+ Cm»+ 


Am«+ 


The solution chemistry of actinium has been little studied, but it 
IS fairly certain that the hydrated Ac^^ ion is the normal state. 
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Thorium forms a number of stable salts, such the nitrate 
Th(N 03 ) 4 . The tri-iodide is decomposed by water with 
of hydrogen. Protactinium is bttle knoym at present, but there 

is evidence of valencies of five and fom. 

The most sUble series of uranium salts is that dcru^d from the 

uranvl ion U0o=+. This, for example, occurs in the familiar 
uranyi ion, 2 ’ Electrolytic reduction 

compound uranyl mtrate, UUalJNUal.orijU. m^t-ible 

of solutions containing the uranyi 

ion UOg**', which disproportionates rcadil) to 

reduction gives and U®+. ^ ^ ^ . • 

Neptunium 1 o“np'“ requires a'stronger 

trend is continued, Pu-v being the most stable 3 '' 

is intermediate in stability between 2 “ -id iHou reduction 

relative stabilities are well illustrated by the «-) 

potentials in M-HCl relative to the 

The smaller negative value for the potential mdicates that 
oxidized state of the couple is relatively more stable. 


Couple 1 

u 

1 

t 

Np ^ 

i 

Pit 

1 

- 1 

III/IV . . . 

IV/V . . . 

V/VI ... 

+ 003 

- 0-55 

- 0 00 

1 ^ 1 

- 014 

- 0-74 

- M4 

1 

_ 0'97 volts 

- 113 

- 0 91 
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The position of americium is still Vt is 

oxidized in alkaline solution by ■ i„ AinO- how- 

uncertain whether Am^^' or Am' results. 10 Am'" the 

ever, well known. Sodium amalgam a so rt ’state 

product being almost certainly Am , as m sulnhates. 

americium is coprecipitated with europous am ^ 

Evidence for tL ektenee of Am'" has been obtained by 

synthesis of Na(Am02)(CH3C02)3' ;n thn main 

C<»npounds of Transuranic 
very small quantities of the transuranic e emen s . . j 
abll remaAable progress has been made 

descriptive chemistry of their compoim ■ , _ • j techniques 

largely to the successful application of means of 

and to the use of X-ray structure determinations as a means 

r 

by reduction of the tri- or tetrafluorides by barium vapour 
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1200°. They resemble metallic uranium. The oxides which are 
known at present are shown below. 


uo 

NpO 

PuO 

PujO, 

PU4O, 

AmO 

• 

(CmaOa) 

uo, 

U40, 

UsO, 

U03 

NpO, 

Np,03 

PuOj 

AmOj 



It is probable that the oxides of the transuranics w ill be more 
complex than this table indicates : certainly in the case of uranium 
this is so, as is shown by recent work on the U— Og system. The 
monoxides are formed by vigorous reduction of the higher oxides. 
The members of this series are isomorphous and have a sodium 
cliloride-type lattice. The compound PugOg is formed by heating 
PuOa, to 1700°. The dioxides are isomorphous and have the 
fluorite type of lattice. All except UO2 are the normal products 
of ignition of other oxides in air or of decomposition of salts such 
as the nitrate.? in air. The oxide UO3 appears to stand alone, and 
lenects the higher stability of the sexavalent state in. urani um . 

The tri- and tctrahydroxidcs of nej)tunium, plutonium and 
americium are precipitated on adding alkali to solution of the tri- 
or tetra valent salts : b (OHlg and Np(OH)3 are very readily oxidized. 
In the se.xavalent state Np, Pu and Am show acidic properties, 
and resemble uranium, which, when ammonia is added to a solution 
of a uranyl salt, yields ammonium diuranate, (NH4)2U.07, or more 
complex anions (r/. diclirumates and polychromates). “ There is a 
ilistinct difference in the reactions of uranyl and plutonyl solutions 
with hyilrogen peroxide. The former give a peroxide U042Ha0 
6‘cc p. 3i9). Plutonyl solutions, on the other hand, are reduced 
by hydrogen peroxide to peroxy derivatives of this state 

being formed which may be similar to the peroxy derivatives of 
quailnvalent thorium. 

Ihe decrease m stability of the higher valeucv states as the series 
IS ascended is well marked with tlie halides. Uranium forms both 
a hexafluoride and a hexachloride, neptunium i.s known only to 
form a hexatiuoride and there is some doubt whether in the case of 
plutonium the hexafluoride is formed. The tetrahalides of uranium 
and neptimium are likewise well known, but only the tetrafliioride of 
plutiniuini has been prepared. The trihalidcs of all of the trans- 
uranio elements have been characterised. There are also a number 
of complex halides of uranium, neptunium and plutonium. The 
remaming salts of these elements conform to the*^ general pattern 
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which has been outlined. A number are as yet unknown, but the 
gaps are rapidly being filled. The main uncertainties at present 
he in the questions of which higher valency states of americium will 
be found to give definite compounds and what compounds will be 
formed by the very recently discovered elements berkelium and 

californium. 



CHAPTER XIV 


METALLIC CARBONYLS, NITROSYLS AND RELATED 

COMPOUNDS 

The metallic carbonyls constitute a group of compounds which 
occupies a position of peculiar interest in the chemistry of the 
metals. The carbonyls are characterized by their striking physical 
properties — c.g. their volatility — and their constitution has presented 
a difficult and controversial problem from the standpoint of theories 
of valoncv, since they and their derivatives appear to represent a 
unicpie class of compound in which ‘ principal valencies ’ are not 
op<Tative. 'I'ho carbonyls are unique also amongst complex com- 
pounds in that their composition is governed, not by considerations 
of the stable co-ordination numbers of the metals concerned, but, 
primarily, by the tendency to form closed electronic shells. 

A considerable boily of modern work, emanating almost entirely 
from llieber and hi.s school, has shown that the property of forming 
carbonyls, or the carbonyl halides related to them, is common to 
the elements of the transition series from Group VI to Group IB 
inclusive, as indicated below. The formula? and the physical 
properties of all th<* known metal carbonvls arc summarized in 
Table 1. 

Cu I Zn 
.Ar I Cd 
Hg 

oiK'losi'd " ^> >■■ i> form uurhonvls. 

Mrtal.'* onrlt>suti — — form vurbonyl halidos. 



'I’he discovery of this grouj> of compounds was made in 1888-90, 
when Mond and Lunger, investigating the catalvtic effect of nickel 
on the reaction lit’O ^ C -j- (.’Uj. observed that carbon monoxide 
burned witli a greenish, highly luminous flame after it had been 
[)assed ovi'r r<*diKM‘«l nickel.* M hen the gas was passed through 
a heated tube, metallic nickel was tleposited in the form of a mirror, 
and l»y cooling the gas with a freezing mixture, the colourless liquid 
nickel carbonyl, Ni(CO) 4 , was eventually isolated. Although, as 
was later found by Mond, Hirtz ajid Cowap,® reduced cobalt also 

^J.C.S., 1890. 57. 749. -Ibid., 1910, 97, 798. 
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Table 1 

Carbonyls and Carbonyl Hydrides 

Cr (24) ’ 

1 

Mn (25) 

Fc (20) 

Cr> (27) 

Nl (2S) 

Cr(CO)e, 

Bublimes, 

rhombic^ 

coloiirlcBS 


Fc(CO) 5. 
ni.p* — 20^, 
b.p. + m\ 
yellow ; 

Fc,(CO),. 
<lcconip. 100'’, 
yello\?, 
triclinic ; 

Fe^(CO)jj, 
dccomp. 141)^, 
green, 
inotioclinic 

CojiCO)*,^ 

m.p. 

orange -red ; 

Co,(COU,, 
decomp. 00"^, 
black, 
crystalline 

Ni(CO)4 
m.p. — 25^, 
b.p, + 43% 
colourless 



Fe(CO)4Hj, 
m.p. ^ 70'’, 
colourless 

Co(CO) 4H, 
m.p. — 26'^, 
yellow 


Mo (4!^) 

Tc(43) 

Uu (44) 

lOi (45) 

IM (4ii) 

Mo(CO)., 

eublimca, 

rhombic^ 

colourlcaa 


Ru(CO)4t 
m.p* — 22"^, 
colourless ; 

orange, 
monoelinic ; 

UiJ3(CO)i„ 
green needles 

HbjlCOlg. 
orange, cryst., 
m.p. 70" 
(deeoiniK) ; 

(KldCU)^]-* 

red, eryst. ; 
[Klu(CO)„U, 

black 





K1i(C(>) 4H, 
m.p. — 10% 
pule yellow 


W(74) 

lie (75) 

Ok (7C) 

Jr (77) 

ri (7s) 

W(CO),. 

aublinicM^ 

rhombic, 

colourlcaa 

Ilo,(CO)|o. 

culourIcHH, 
in.p, 177', 
aublimea, 
monoolinic 

colourless, 
m.p. ^ lo ’ ; 

Os,{(;0)p, 

bright yelbiw, 
HubliriieH, 
m.p. 224" 

lr,(C())g. 

yellow ‘glee II, 

iTVslallirie, 

* 

i^ubliines ; 

[rr(CO)4l/, 
canary yellow , 
ilecoiiJ]). 210', 
rhorjibuhe<iral 



j Uc(CO)*lI(7 

Os{CO)4H, 

t 

Ir(CO)4H 

i 
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combines with carbon monoxide under high pressures, no cobalt 
carbonyl is formed at atmospheric pressure, so that a complete 
separation of nickel from accompanying cobalt is achieved by con- 
version of the nickel to nickel carbonyl. This means of purifying 
nickel was turned to technical account by Mond for the extraction 
and refinmg of nickel from the copper-nickel matte produced from 
the Sudbury (Ontario) sulphide ore. The crude metal, reduced 
under controlled conditions, is subjected to the action of carbon 
monoxide, forming nickel carbonyl. The circulating gases pass 
into ‘ decomposers maintained at 180-200°, which contain pellets 
of nickel kept in constant motion. These grow through the deposi- 
tion of nickel ; the metal obtained in this way is quite free from 
cobalt, but contains about 0-25 per cent of iron owing to the 
simultaneous formation of iron carbonyl. 

In 1891 Berthelot and — simultaneously — Mond and Quincke ® 
found that reduced iron also absorbed carbon monoxide, forming 
an iron carbonyl Fc(CO) 5 . Whereas, however, active nickel, 
obtained by reducing the oxide or oxalate at temperatures below 
300°, absorbs carbon monoxide avidly, iron is less reactive. Accord- 
ing to Jlittasch,* the reacti\nty is very sensitive to traces of impurity 
in the gas or metal ; pure iron is as reactive as nickel, and whereas 
traces of oxygen inhibit the reaction, traces of sulphur promote it 
strongly. Since the reaction is attended by a large decrease in 
volume, the formation of metal carbonyls is promoted by working 
at elevated pressures. At high pressures, indeed, the action of 
carbon monoxide is pronounced, even upon massive iron, so that 
iron carbonyl is invariably formed in gas cylinders containing com- 
pressed carbon monoxide or gases containing carbon monoxide {e.g. 
technical hydrogen). Iron pentacarbonyl is now j)roduced technic- 
ally on a considerable .scale from iron, reduced from ferric oxide 
in hydrogen at 500°, and carbon monoxide at 180-200° and 50 t 200 
atmospheres j>rcssure. Under similar condit ions, and especially in the 
presence of sulphur as a promoter, cobalt, molybdenum and tungsten 
have also been converted into their carbonyls on a technical scale. 

Iron pentacarbonyl was formerly used in antiknocks, but its 
chief technical importance is as a source of very pure iron. The 
decomposition of iron carbonyl on hot surfaces tends to give an 
inhonu)gencous and carburized product, but decomposition in the 
vapour phase — e.g. by injecting the vapour into a space heated by 
radiant heat to 200-250° — gives an extremely finely divided iron, 
known as ‘ carbonyl iron ’, which is quite pure except for a small 

3 M. Berthelot, Compt. rend., 1891, 112, 1343 ; L. Mond and F. Quincke, 
J.C.S., 1891, 59. G04. 

* Angew. Cheni., 1928, 41, 827. 
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proportion of oxide and free carbon. The finely divided material 
is particularly suited for magnet cores and catalytic purposes. The 
small amount of impurity may be almost completely removed by 
fusing the iron in an induction furnace with the requisite amount 
of pure ferric oxide (also obtained by the oxidation of iron carbonyl). 
By this means, the carbon may be reduced below 0 0007 per cent, 

and the oxygen below 0-01 per cent. 

Chemical Reactions of the Metal Carbonyls. — Ihe variety 
of chemical reactions undergone by the carbonyls gives them a 
peculiar interest. They are highly reactive, and give rise to a 
number of quite new classes of metallic compounds. Nevertheless, 
until recent researches — notably those of Hieber and his co-workers 
— the only recorded reactions of the carbonyls were their decomposi- 
tions by a variety of reagents — halogens, oxidizing agents, etc. 
Early workers failed to appreciate the extreme sensitiveness of the 
intermediate compounds, especially towards oxidation. Only y 
applying an experimental technique which was first worked out by 
Schleuk, for the manipulation of the highly reactive organic free 
radicals in a dry atmosphere completely tree from o.xygen, has it 
been possible to elucidate the chemi.stry of the metal oaibony 
Thus it is notable that Dewar and Jones observed that the green 
solution of iron tctracarbonyl in pyridine rapi<lly turned roi , 
becoming finally colourless only when the iron was compete) 
oxidized by the air. They do not, however, seem to have drawn 
the obvious inference that the colour change implied some inter 
mediate reaction. In the recent work on tlie carbon) Is, non 
carbonyl has CJled a special role, owing lo the divei.'^ity o i ^ 
reactions ; thi.s reactivity may be largely attrilaited L) the lacl 
that in Fc(CO)6, and also, probably, in the condensed cail)on)l> 
Fet(€0)B and Fe 3 (CO)i 2 . the iron has a eo-onluiation miintier ut 
five, and so is co-ordiiiatively unsaturated. 

Some typical reactions of iron pcntacarboii) 1 .ue )ru ) sum 

inarized in Table 2 below. 

Table 2 

Fe^fCO), 

''e 2 (CO) 4 pyr 3 etc ■ FetCQI s Fe(COUH^ 


Fe (00)4X2 




M. 0 


FejlCO), 


\NO 


F.j(CO)^(NO)2 


tUat 


Fe f SCO 


FefCOl^H^j 


The principal types of derivatives are m<!icated in 1 able 2 and 
are discussed in this chapter. The carbonyls tlieixLselves and the 
amino substituted carbonyls, raise some interestmg structuial 
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problems, since they appear to‘ belong to the class of purely 
‘ secondary valency ’ compounds. The nitrosyl carbonyls link the 
chemistry of the metal carbonyls with that of the longer-known 
nitrosyl complexes of iron, ruthenium and other metals, just as the 
carbonyl halides of iron, etc., can be correlated with the well- 
established co-ordination chemistry of the platinum metals. In the 
subsequent sections of this chapter, emphasis is laid especially on 
the role of mixed valence type compounds, such as the carbonyl 
halides, in tbe direct synthesis of the carbonyls, and on the dis- 
proportionation processes involved in indirect syntheses. 

Metal Carbonyl Halides. — With the exception of the Group VI 
metals, the elements which form carbonyls form carbonyl halides 
also (Table 3). In addition, such compounds are formed by 
palladium, platinum and the coinage metals. It is likely that 

Table 3 


Mciallic Carbonyl Halides and Related Compounds 


Mn — FclCOljXa Co{CO)l 2 Ni — 

hMCO),X, 

rFe(CO)3Brd3 

FeiCOaXj 

FelCOjI 

K3[Fe(OX)6COJ K3 [Co(CN) 6CO] KdNitCNlaCO] 

‘ Cu(CO)X 

Ru(CO)2X2 [RhtCOljXh [Pd(CO)Cld„ 

Ru(CO)Hr 

H[Pd(C0)Cl3] 

AgjS 04 ,C 0 

1 

1 

RclCOlsX ().siCO),X2 Ir(CO)3X Pt(CObCIj 

OslCOljX, Ir(CO)jX3 [Pt(CO)X,b 

Os(CO).X2 

[Os(CObX], 

H[Pt(CO)X3] 

Au(CO)CI 1 

i 

i 

t 

1 

1 1 


other compounds of this class may be discov'ered, for the cobalt 
compound Co(CO)l2 lius only recently been isolated.® There is only 
indirect evidence lor the existence of analogous nickel compounds, 
although the complex cyanide K2[Ni(CN)3CO] is well established.® 
It is notewortliy that for the metals Pd, Pt, Cu, An, which form 
no carbon5ds, the carbonyl halides decrease in stability in the order 
chloride > bromide > iodide, whereas with the metals that form 
carbonyls both the stability and the volatility trend in the converse 
direction. 

^ H. Sclmlton. Z. anorg. C/iem., 1939, 243, 145. 

« Manchot and H. Gall, Bcr., 1926, 59, 1000. 



METALLIC CARBONYLS 


413 


The most general mode of formation of metal carbonyl halides 
is by direct combination of carbon monoxide with anhydrous 
metallic halides. Thus Schiitzenberger ’ discovered in 1869 that 
spongy platinum reacted at 250® with a mixture of carbon monoxide 
and chlorine, forming a pale yellow crystalline sublimate, from which 
he isolated PtCla.CO, PtCl 2 (CO )2 and 2PtCl2.3CO. The same com- 
pounds are formed by the action of carbon monoxide on the 
chlorides of platinum. The yellow PtCL.CO is obtained in tlie 
pure state by thermal decomposition of the higher carbonyl 
chlorides ; it decomposes only above 300®, but reacts with carbon 
monoxide at 150®, forming PtCl 2 (CO) 2 . This is monomeric, and 
a non-electrolyte ; by analogy with other co-ordination com])ounds 
of the type PtCl 2 X, the monocarbonyl chloride is probably dimeric 
(c/. Chap. VI, p. 153). Both compounds, dissolved in carbon 
tetrachloride, react with ammonia forming aminines which may 
probably be regarded as the salts [Pt(CO) 2 (NHa). 2 lCl 2 und 
[PtCl(CO)(NH 3 ) 2 ')Cl respectively. Carbon monoxide is displaced 
from the carbonyl halides by the action of phosphorus trichlori<le, 
but not by amines : 

[PtCl2(CO)]2 + 2PCl3-> 2CO d- [FtCl2(m3)]2 
All these compounds are very sensitive towards water, with whicli 
they react in a manner completely dilTerunt from iron carbonyl 
halides {see below). 

[PtCl2(CO)2] HjO -> Pt d- 2I1C1 d- CO. d- CO 
They dissolve unchanged in hydrocliloric acid, owing to tin; forma- 
tion of the complex acid H[PtCl 3 .CO], which may be isolated in the 
form of its salts, which, like the parent carbonyl chlorides, ar«‘ 
decomposed by water. 

With hydrobroinic and hydrio<lic aci<ls, the c;orresj)on«ling 
carbonyl bromide and iodide are formed.® These have a lower 
thermal stability, but an increased stability towanls chemical 
decomposition — e.g. by water. 

PtC’bCO PtBr^CO 

or.inge-red. 

Diflicultly 

position. volatile, 

m.p. 195®. ni.p. I8i®. 

Hygroscopic, irniuctli* Hygroscopic and de- 
atcly dccoinp 08 i*d by com|>o8ed by water 
Water 

The behaviour of palladium is worthy of notice as cf)ining 
between nickel, of which no carbonyl halides are known, and 


yellow. 

Volatile without dccoin- 


PtljCO 

red. 

Non-vi>iii1ile and decom- 
[mj.sihI on beating, 
in.j>. 1-4U". 

Xot re.uliiy deeoiiij»os<il 
by uater 


^ Ann. Chim., 1871, 15, 100; 21. 250. 

•F. Myliuu and F. FoersU-r, Ucr., 1891, 24 . 2424, 3751. 



414 MODERN ASPECTS OF INORGANIC CHEMISTRY 


platinum, which forms the compounds just considered. Palladous 
chloride forms the one compound PdClg.CO by the action of carbon 
monoxide at the ordinary temperature (in presence of methyl 
alcohol vapour as catalyst),® but is without action on carbon 
monoxide at elevated temperatures. Palladous carbonyl chloride 
is rather less sensitive towards water than are the platinum com- 
pounds, but the carbon monoxide is only loosely bound, being 
displaced quantitatively by hydrobromic or hydriodic acids. Like 
the platinum compound, it dissolves in hydrochloric acid, forming 
H[PdCl3.CO] ; salts of this acid are extremely readily decomposed 
by water. 

Compounds of generally similar properties have been described 
as formed from the chlorides of gold,'® iridium " and osmium.'- 
Little is kno^vn of their chemistry, except in so far as it has entered 
into recent studies of the platinum metal carbonyls proper. Table 3 
brings together all these compounds, for comparison with the 
carbonyl halides formed by the metals of the first transition series, 
riiore is an evident tendency to form compounds which permit of 
the attaiument of the stable co-ordination numbers 6 and 4 (prob- 
ably square planar configuration), either in monomeric compounds 
— e.(j. [Re((JO) 6 X], [05(00)4X2], [Ir(CO)3X] — or in binuclear 
complexes, as in [Os(CO)3X2]2, [Rh(CO)3X]2. 

iron Carbonyl Hahdes . — By contrast with the carbonyl halides of 
platinum metals, iron carbonyl halides were discovered, and are 
best prepared, by the action of halogens on iron pentacarbonyl.'® 
Ihe initial products of reaction are unstable addition compounds 
^^{00)3X2, which decompose spontaneously, forming the tetra- 
carbonyl halides, even at low temperatures (Table 4 ). These latter 
compounds are stable enough to be formed directly by the union 
of anhydi'uiis ferrous halides with carbon monoxide under presure.''* 
lor 10(00)412, the dissociation pressure is about G atmospheres at 
the onlinary temperature. 

All these compounds are non-electrolytes, soluble in inert organic 
solvents. They are completely decomposed by water into ferrous 
halide and carbon monoxide : 


Fe(CU)4l2 -f aq ^ [Fe(H20)e]l2 + 4 CO 


W. Miinchot and J. Konig, ibid., 1926, 59, 8S3. 

\V. Manchot und H. CiaU, Bcr., 1925, 58, 2175 ; S. Kiiarasch and 
11. S. Isbdl, J. Amcr. Chem. Soc., 1930, 52, 2918. 

W. Manchot and 11. (Jail, Ber., 1925, 58, 232. 

\V. .Manchot, ibid., 1925, 58, 229. 


\V. Iliebor and G. ilaatT, Bcr., 1928, 61, 
X90, 193 ; 201, 329. 

“ \V. Hiebcr, Z. Elektrochem., 1937, 43, 390 
Z. anorg. Chem., 1940, 245 , 305. 


1717 ; Z. anorg. Chem., 1931, 
; W. Hiober and H. Lagally, 
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An essentially similar decomposition is effected by pyridine and 
other amines in excess, but with these the displacement of carbon 
monoxide may proceed in stages. As the CO groups are progres- 
sively replaced by pjTidine, phenanthroliue, etc., the thermal 
stabibty of the compounds is raised. 

The formation of Ee{CO)4l2 from ferrous iodide and carbon 
monoxide is reversible : although the compound may be sublimed 
in vacuum, it is decomposed by heating. A number of inter- 
mediate products have been identified in this process, including 
the lower carbonyl iodide Fe(CO)2lo and a derivative of univalent 
iron, partially stabilised by co-ordination of CO groups, hc(CO)2l. 
In the thermal decomposition of this latter compound it is said 
that the very unstable red Fel is formed. -Vll those typos of 
reactions are schematically brought together in lable 4 . 


Folj t 4CO 


Table 4 

I, 

Fi-(CO)a^^l^ Fo[CO);li Im ((■()), l'V(CO)3Hg.It 




Fe(CO),phoiiaiiyj 


I’)- 


Fl((’());l 




Fcl 


Fo(CO),i..vd, 

' l.^ht 






Iron Carbonyl Thio-compounds.— Otiior negative atoms or 
groups may enter iron carbonyl, forming compounds winch arc 
analogous to the carbonyl halides. Of those, the oomi.ounds 
formed in reactions of iron carbonyls (especially ^)i2) ^ 

organic sulphur compounds arc of some interest, benng indicative 
of possible intermediates in the syntli.-tic reactions sliortly to tie 
oonsidered. Moreover, they link the chemistry of iron caibony 
with that of the nitrosyl thio-compounds of iron, long known under 
the names of the red and black salt-s of Kous.sin.*® 


‘*W. Hiober and H. LagaUy. Z. anorg. Chun., 245. 2‘J5. 

Viedo. Z. u,ujr<j. Chun., Ist).',. ^ ‘■nK-li,eK 


Kraut, 


^•Hofmann and W’leao, /j. untjfj. • .,,~r 

B. pp. 471-7 ; Slanchot, ^er., 1020, 59. 2410 ; 60. 217o ; . 

61. 2393 ; 1929, 62, 681 ; Annalen, 1927, 459. 47 ; 1928. 465. JO-l ; U-J. 
470. 266, 201. 
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Thiophenol yields with iron tetnacarbonyl the tricarbonyl mer- 
captidc Fe(C 0 ) 3 SCaH 5 : 

iFe3{CO)i3 + HSC.Hs ^ Fe(CO)3SC6H5 + CO + 

This compound, which is monomeric in organic solvents, is remark- 
ably stable.^’ Unlike most carbonyl compounds, it is unaffected 
by atmospheric oxygen, and does not react with nitric oxide ; 
even concentrated sulphuric acid or alkaline perhydrol has no 
action upon it. It is decomposed by hydrogen chloride at 100-140®, 
forming ferrous chloride. From cobalt tetracarbonyl a similar 
compound, Co(CO) 3 SC 3 H 5 , is obtained. 

Other mercaptans react similarly, but the analogous ethyl mer- 
captidcs are dimeric in solution (I). Beside these compounds may 
be placed the esters of Roussin’s red salts — e.g. Fe 2 (NO) 4 (SEt )2 (II). 
It may be seen that the two classes of compound are related in 
exactly the same way as are Fe(CO)6 and Fe(CO) 2 (NO) 2 , or 
Fe(CO) 3 phth and Fe(NO) 2 phth, two molecules of nitric oxide 
taking the place of three molecules of carbon monoxide. 


Et 

(COgFe; ^tFc(CO), 


Et 

(NO)2Fe/®^Fe(NO)2 

Et 


Et 

(I) (n) 

As accords with their stability, the carbonyl mercaptides cannot 
be coiiv'ertod to Roussin’s salts. Organic disulphides, such as 
CflHj.S.S.CeHg, behave as pseudo-halogens ; the — S — B — bond 
breaks, and the same compounds result as wdth thiophenols.*® As 
in the carbonyl halides, CO groups may be partially displaced by 
amines — e.g. 

RS 


Fe(CU) 3 .SR 


phciuinthrolinc 


2CO 


CO 


\ 


Fe(phenan) 


Carbonyls of the Platinum Metals.— The data given in 
Table 1 show a very close resemblance in each of the vertical scries 
he — Ru Os and Co — Rh — Ir, as regards the formation of carbonyls 
anti their derivatives. There is, however, a marked difference in 
reactivity within these groups. A\ hilst rhodium is reactive enough 
to combine with carbon monoxide under pressure, osmium and 
iridium are completely unreactive ; the carbonvls of all these 
metals have been prepared from the halides of the metals. 

The ])ossibility of reactions of this kind was demonstrated by 


\V. Hieber and G. Spacu, Z. anorg. Chcm., 1937, 233, 353. 
“ W. Hieber and C. Scharfeuberg, Ber., 1940, 73, 1012. 
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W. Mancliot and W. J. Manchot in their preparation of ruthenium 
pentacarbonyl, Ru(C0)5. Ruthenium iodide, Rulg, reacts with 
carbon monoxide even at the ordinary pressure, forming the car- 
bonyl iodide Ru{C 0 ) 2 l 2 * the presence of an acceptor for halogen, 
such as finely divided silver, not only does this reaction go to 
completion at 170®, but the displacement of halogen can proceed 
further, and ruthenium pentacarbonyl is formed. A number of 
successive reversible reactions are displaced completely towards the 
right under these conditions : 

2Rul3 -h 4CO 2Ru(CO)ol2 -H L 
Ru(CO),I, ^ Ru(CO).I ^ 

If M 

Although the reaction takes place also at the ordinary pressure, the 
pentacarbonyl is best prepared by heating Rula with carbon 
monoxide and silver uiuler jjressure {c.g. at 170® and 250 atm.). 
The similarity between iron and ruthenium carbonyls is close. 
Ruthenium pentacarbonyl, like that of iron, is photosensitive, 
losing half a molecule of CO ami forming Ku 2 (CO) 9 , wliich (unlike 
FeglCO)^) is also formed by heating Ku(('0)5 at 5(»®. 

The osmium carbonyls Os(CO )5 and Os 2 (CO )9 have been prepared 
in a similar manner from the osmium halides.-® Ihe carbonyl 
halides are intermediates in the proce.ss, and the mere presence of 
a copper or silver lining in the autoclave serves to bind the halogens. 
In this case the successive steps in the reaction may be demon- 
strated experimentally, for [ 0 .s(C 0 ),il 2 l> fir^’^t fornnsl, n^acts at 120 
with silver powder, forming [Os(CO) 4 i] 2 - Osmium carbonyl is even 
more readily formed by an unusual reaction, froii» o.smium tetroxide. 

OsOj -f 9CO Os(CO)5 + 4 CO 2 . 


Some kind of carbonyl oxide is presumably formed in this process, 
although compounds of this class have not been i.solated. 

The rhodium carbonyls [Rh(CO) 4 ] 2 . [RldCOl^h [ 1^1*4(00 j j ],, 

and iridium carbonyls “ [Ir(CO) 4 l 2 and [Ir(CO)3b 
resemblance to the cobalt compound.s, but litth* is as yi;t known 
of their chemical properties. They are prepared by methods simi- 
lar to those already discussed. 

The compounds listed in Table 1 suggest that, betweem the 
hexacarbonyls [M(CO)o] of the Group VI metals and tlu; penta- 
carbonyls [M(CO)q] and tetrucarbonyl halides {M{^G),jl 2 l of tin* 
iron-ruthenium-o.sinium family, one might expect to find dimeric 

anorg. Chem.. 226. 3H.>. 

*® Hic'ber and H. Stallmann, Z. Hkklntflutm., l'.M3, 49,^2«.S ; Hir., 1J4_, 
1472; cf. uIho W. Maricbot and J. KOnig. ibUL, IU2o, 58, 221). 

”2. anorg. CJiem., 1943, 251, 90. 

1940, 245 . 321. 
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pentacarbonyls [M(CO)g]2 and pentacarbonyl halides [M(CO)gX] 
formed by the metals of Group VII. Manganese, in accordance 
with its tendency to differ from the other elements, appears to form 
no carbonyl. Rhenium, however, forms compounds with the 
predicted composition and properties. The rhenium carbonyl 
halides [Re(C0)5X] are, in fact, so stable that they are invariably 
formed from halogen compounds of rhenium — e.g. ReCIg, K2[ReBre], 
etc. — in the high pressure synthesis. The iodide is formed when 
KaLl^sIg] is heated in carbon monoxide even at the ordinary 
pressure, and in the presence of carbon monoxide metallic rhenium 
can even abstract halogen from the halides of the transition metals : 

2Re + NiCU -h 14CO — 2[Re(CO)5Cl] -f Ni(CO)4 

In the case of rhenium, the carbonyl halides are so stable that they 
cannot be converted into rhenium carbonyl itself by any known 
reaction. The carbonyl is obtained, instead, by the action of 
carbon monoxide on the oxides and oxysalts — RcgO, or KReO^ — 
or sulphide Re2S7. 

CO 

The dimeric carbonyl, (CO)4ReQQRe(CO)4, resembles in its 

stability and inertness the hexacarbonyls of chromium and its 
congeners, which are co-ordiiiatively saturated. It is decomposed 
neither by alkalis nor concentrated mineral acids, and although 
not very volatile, can be sublimed in carbon monoxide at 200®. 
Its reactions resemble those of iron pentacarbonyl, in that with 
gaseous halogens it forms the stable carbonyl halides, whilst amines 
such as pyridine or pheuauthroline effect a partial displacement of 
carbon mono.xide. 

The part played by the carbonyl halides in the synthesis of the 
platinum metal carbonyls suggests that analogous reactions might 
take place with the metals of the iron group, especially as there 
are several references in patent specifications to the catalytic effect 
of iodine and sulphur in the formation of metal carbonyls. With 
the iron group metals, which form compounds of true ionic type, 
not all compounds lend themselves, however, to the high pressure 
carbonyl synthesis. Thus C0F3 (rutile structure) and CoO (rock 
salt structure) form no cobalt carbonyl, whereas the sulphide (nickel 
arsenide structure) or the iodide (cadmium iodide layer lattice 
structure) give cobalt carbonyl in substantial yield. ** The reaction 
is thus effective with the compounds of highly polarizable non- 
metals, capable of forming carbonyl halides, etc., of essentially 

” \V. Ilicber iu»d H. Schulten, Z. anorg. Chem., 1939, 243, 1G4 ; W. Hieber, 
R. Sfliuh and H. Fuchs, ibid., 1941, 248, 243, 25G. 

** W. Hieber, H. Schulten and R. Marin, Z. anorg. Chem., 1939, 240, 261. 
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homopolar t3^e. From cobalt iodide, a quantitative yield of 
cobalt carbonyl is obtained even when there is no direct contact 
with the silver or copper lining of the autoclave, pointing to the 
existence of a volatile cobalt carbonyl iodide as an intermediate. 
This intermediate compound has been isolated by Schulten,^^ who 
found that Co(CO)l2 was formed as a dark brown crystalline solid 
at the ordinary temperature, imder a high pressure of carbon 
monoxide. The halides of iron and nickel react similarly, except 
that Fe{CO)4l2 is so stable that its ultimate conversion to iron 
pentacarbonyl remains very incomplete. 

From all this work we may gain some insight into the mechanism 
whereby metals react with carbon monoxide. In the direct reaction, 
carbon monoxide must fii'st be chemisorbed, but if the surface is 
readily poisoned (us, for example, by traces of oxygen), or if the 
carbonyl itself is too strongly adsorbed, the reaction is jjractically 
inhibited. Elements like iodine can play a catalytic role bv entering 
into a cyclic set of reactions whereby the metallic iotlide is foriiied, 
converted at each stage into the carbonyl iodide, and tlieiice into 
carbonyl and fresh metallic iodide. Sulphur uiKloubtedly imdergoe.> 
a similar catalytic cycle in technical carbonyl proci’sses. It has, 
indeed, been possible to isolate a violet-red, well-crystallized iion 
carbonyl sulphide,^® Fe3S2(CO)a— I^robably formulateil as (I)— by 
the combined action of carbon monoxide and liydrogen sulj)hide 
upon iron. A similar selenium compound has been prepared also. 

CO 

(CO)3Fe.8.Ke.S.Ke(CO)3 

CO 


(I) 


If of catal ylie 
ition 


In the catalytic action of sulphur and seletnvim, t he eyele of catai; 
reactions takes place upon the surtace of tlie metal. 1 h»! fuim.it 
of the intermediate compounds in bulk is uot necessary, and the 
optimum conditions arc, indeed, obtained wlieii the (juantity o 

sulphur present is relatively small. 

The Indirect Formation of Metal Carbonyls.— Tlie earljonyls 
of the iron triad and of tlie Group VI nu*tals can be l^iiared by 
reactions quite different from thosi; just con.sMlered. Ibe leatiiro 
common to these processes, whi<;li take place in afpieous or non- 
aqueous solution, is the occurrence of a dis[»ro]i'U tioiiatit)n nraetion 
in which some unstable compouml. a co-onlination compound 
derived from a lower valence state of the metals, dispioporLiouat<‘s 

1939. 243, 145. . , 

•*W. Hiebtr, in FLVT Keviow of Cermuii .Saeiicc, luaJ-ib, Iiu.rg.ituc 

Chomutry, Part II. p. 110. 
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into a stable compound of a higher valence state and the effectively 
zero-valent state present in the metal carbonyl. 

The first reaction which may be noted is the preparation of 
carbonyls in non-aqueous solvents by a Grignard reaction. This 
provides the only practicable laboratory preparation of the hexa- 
carbonyls of chromium, molybdenum and tungsten, even though 
R. L. Mond, by careful reduction of molybdenum oxychloride, 
obtained a metal which was sufficiently active to combine slowly 
with carbon monoxide at high pressures, and to show the existence 
of molybdenum carbonyl. Job, in 1926, foxmd that the slow 
reaction between carbon monoxide and the Grignard reagent was 
accelerated by salts of the transition metals, and particularly by 
anhydrous chromic chloride. The organic products of this reaction 
are complex, but an ether-soluble compound of chromium could be 
isolated in small yield ; this proved to be chromium carbonyl, 
Cr(CO)e. A. Job and J. Rou\’illois subsequently prepared 
tungsten hcxacarbonyl, W(CO) 0 , in the same way from tungsten 
hoxachloride. 


The mechanism of this process has not yet been worked out, but 
the key to its interpretation is probably to be found in Hein’s work 
on the chromphenyl compouncls the organometallic compounds 
which are formed by the action of phenyl magnesium bromide on 
chromic chloride. This work has shown that, in addition to the 
orgai\o-chromium halides derived from pentavalent chromium, the 
chromic chloride di.^jiroportionatcs, forming chromous chloride and 
al.'jo a compound of apparently univ’alent chromium. Hieber and 
Romljcrg have sho^^^l that no chromium carbonvl is formed until 
tlie last stage of the reaction, when the Grignard addition products 
are liydrolysed. Tl»e initial reaction of the carbon monoxide must 
presumably be to form some aihlition compound with the supposed 
univalent chromium, or with chromium aryls — e.g. such a compound 
as Cr(CO)oK 4 , suggested by Hieber. This forms chromic ion and 
( r{CO)g amongst other j)roduct 8 when it is decomposed by acid: 

3Cr{CO)„U, ^ Oil ^ Cr(CO)e + -f 12R -f 6H ^ 

organic products. 

Hieber s meehanism is hyjxithetieal, fi)r no intermediate compounds 
have been charaeterized ; ilismutation processes of the kind involved 


-• rend.. 183, 3U2 ; 102S. 187. r.()4 ; Bull. Soc. Chim., 1927. 

41, nm. 

1921.54, 1905. 270S ; 1924. 57, S. 890 ; 1920, 59, 302, 751 ; 1927, 
00, t;79. 749, 2:iSS; 1928. 61. 7:ii\ 2255; 1929. 62. Uol. A resume is 
j^ivcn in J. prakt. Vhem., 1931. 132, 59. See aho Kleinm and Xeuber. Z. 
('hem., 19345, 227, 2l»l. 

Z. anorg. Chem., 1935, 221, 321. 
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are, liowever, commonly observed in tke acid decomposition of 
substituted carbonyls. 

Only the non-polar balides (CrClj, M0CI5, A\ CI5) enter into the 
Grignard reaction. Stable complex salts do not react, even though 
they may be non-electrolytes ; the metal atom may, perhaps, 
be blocked from some initial step of co-ordination with carbon 
monoxide. The existence of organometallic compounds of molyb- 
denum and tungsten, comparable with the chromphenyLs, is rather 
uncertain.®® 

The hcxacarbonyls of Group VI metals are coIourle.ss, cry.stalline 
solids, much more stable than iron pentacarbonyl or nickel carbon) I. 
They are not oxidized in air, and may be sublimed without decom- 
position. The deposition of chromium from chromium carbon)'! is 
perceptible only at temperature.s above 140®. The same stability is 
shown towards chemical attack. Chromium carljonyl is imaffected 
by bromine, although it is decomposed by chlorine or nitric acid. 
The molybdenum compound is less resistant, but is nevertheless 
more stable than arc the carbonyls of the iron group. 

Formation of Nickel Carbonyl in Aqueous Solutions.— The 
disproportionation involved at some stage of Job s Grignard 
synthesis has its parallel in the ft)rination of nickel caiLonyl from 
complex compounds of carbon monoxide. These processes hinge 
on the displacement of oxidation-reduction potentials in the comple.x 
salt systems and involve the steps typified by 

2Ni‘ Ni“ H- Ni® 
or 2Ni“->Ni‘''-h Ni® 

Similar processes leading to tlie formation of iron pentacaibon) 1 
have not been observed. Whilst the ferrous salts of a few organic 
thio-acids do ab.sorb carbon monoxide (up to 2 mols per atom of 
Fc**, in the case of the xantliato), the only carbonyl addition com- 
pound that has been isolated is the cysteine complex, 

r / S— CH, 

K, (COlgFel / I , , 

[ V ^'NHa— CH-COO/ 

Cobalt salts react like those of nickel, but form the nauumi.-rie 
cobalt carbonyl hydride in place of the dimeric cobalt carbonyl. 
This latter reaction is mentioned in a later section. 

W. Manchot and H. Gall ®‘ first observed that nielo*! su phule or 
cyanide suspended in caustic soda .solution would absorb caibou 

"C/. F. Chem., 11)30. 49, 70J ; J. prnht. Chm.. 1!!39. ^5.^, 

•‘VV. Matichotaiid H. OaU. 1921). 62. 078; also A Blamlmrd. 

J. It. ItafU-r and \V. K. Adams, J. Auur. Chun. Sue.. 1J34, 56, 16. 
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monoxide, forming nickel carbonyl. They suggested that the initial 
step was to form a carbonyl complex of univalent nickel, which in 
turn underwent disproportionation : 

2NiX2 + 2 hCO ^ 2Ni(CO)„X + X, 

(X = — CN, — SH, — SCH 3 , etc., Xa absorbed by alkali) 

2Ni(CO)„X + (4 - 2n)CO -> Ni(GO )4 + NiX^ 

In accordance with this scheme, the complex cyanide of univalent 
nickel first prepared by Belucci,32 K: 2 [Ni(CN) 3 ], absorbs carbon 
monoxide, forming the 4-co-ordinated complex K2[Ni(CN)3(CO)].33 
This can be isolated from liquid ammonia solutions, but in water it 
reacts too readily with hydrogen ions, according to either of the 
equations 

4[Ni{CN)3(CO)]=- + 2H+ -3^ 3[Ni(CN)4p- + Ni(CO )4 + 
or 2 [Ni(CN) 3 (CO)] 2 - + 2H+ — ► [NilCN)^]^- 4 - Ni(CN )2 + 2CO -f 

Sulphur compounds play a remarkably specific part in reactions 
of this kind. The nickel salts of organic thio-acids — xanthate, 
thiosalicylate, thioacetate, thioglycollate, etc. — all absorb carbon 
monoxide in alkaline solutions, and react as shown above. So also 
do the nickel aniniine salts of certain inorganic thio-acids, such as 
[Ni(NH 3 )e][jMoS 4 ]. As a rule, the absorption of carbon monoxide 
amounts to 2 molecules per atom of nickel, while only half of the 
nickel entering into the reaction is ultimately recoverable as nickel 
carbonyl. It has been shown by Hieber and Briick that in certain 
cases, at least, the reactions occur because the thio-compounds 
so stabilize the existence of compounds of quadrivalent nickel 
that they arc formed from bivalent nickel compounds even by 
atmospheric oxygen {cf. Chap. VI, p. 180). Thus, nickel (ii) 
thiobenzoate forms with sulphide ion a complex thio-anion, of 

co-ordination number 6, which oxidizes readily to a nickel (iv) 
compound : 



With carl.oii monoxide in place of an oxidizing agent, dispropor- 


Z. anorg. C'/um., lUil. 86. 88. 

\V. Maiichot and H. Gall, iSer., 1920, 59, 1000. 
Na(urwiss., 1049, 36 , 312. 
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tionation converts half of the nickel to this Ni (iv) complex, and 
half to nickel carbonyl : 

4[N)(S.CS.CeH5)2] + 48^- + 8 CO ^ 

2Ni(CO)4 -h 4 C 4 H 5 .CS.S- + 4S + [(C^Hj.CSal^NiSaNilSsC.CeHs).] 
Reactions of this type are not confined to thio-coinplexes. Nickel 
dimethylglyoxime disproportionates similarly in the presence of 
carbon monoxide, but in this case the nickel (iv) compound is 
unstable, and is reduced by carbon monoxide. All the nickel should 
thus be available for conversion to nickel carbonyl, and yields of 
90 per cent are actually obtainable. 

Iron and Cobalt Carbonyl Hydrides.— Hock and Stulilmaiin 
found that iron pentacarbonyl reacted with solutions of mercuric 
salts, forming very stable insoluble suhstitution products containing 
mercury, with the simultaneous liberation of one molecule of carbon 
dioxide. With one molecular proportion of mercuric sulphate, the 
compound FelCOl^Hg is first formed, and this may be combined 
with a further molecule of mercuric salt, forming cojupoimds of the 
type Fe(CO) 4 Hg.HgX 2 . Thu>s, the action of iron pentacarbonyl 
on mercuric or mercurous chlorides gives Fe(CO)iHg.HgCl 2 directly : 

Fe(CO)6 + 2HgC]2 + H. 2 O = FelCOl^Hg.HgOla -f 2HC1 + CO 2 
Fe(CO)6 + 2Hg2Cl2 + HgO = FelCOliHg-HgCl, + ‘211C1 + COj + 2Hg 
At low temperatures, in acetone solution, the formation ot the 
intermediate compound Fe(CO) 5 .HgCl 2 may be detected. 1 uis 
undergoes decomposition at the ordinary temperature, or in presence 
of mercuric chloride, giving the above-mentioned products. 

Mercury iron tctracarbonyl, FelCOjiHg, is a stable, yellow 
substance, unchanged in air but decomposed (iuantitati\e \ at 
160® into mercury, iron and carbon monoxide. It reacts with the 
halogens at room temperatures, forming mercuric halides and the 
iron carbonyl halides (see below) : 

Fc(CO) 4 Hg 4- 2 I 2 = Fe(CO) 4 l 2 + HgL 
In contradistinction to most carbonyl compounds, it is unafleetetl 

by boiling pyridine. , , . 

The exact nature of mercury iron tetrucarbonyl was or 
time in dispute. The tendency of mercury to form orgaiio-meta lie 
compounds suggested that the mercury might be joined covah‘ntly 
to carbon monoxide in some way. Tli<* evidence ikiw 
the substance is actually the mercuri<; (huivativc of tuo iiinai 'a > e 

tran carbonyl hydride, Fe{CO) 4 H 2 . . , 

It had already been noticed, early in the .stu(l) o t u na i 
carbonyls,3« that iron pentacarbonyl could be dissoh e<l in alcolmlie 

1928, 61. 2097 ; 1929, 62, 431. 2090. 

»• Proc. Roy. 6'oc., 1905, A. 76, 568 ; 1900, 79. 00. 
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potash, giving a solution which rapidly turned red in the air. 
Freundlich and Malchow obsein-^ed that the solution so obtained 
had strong reducing properties, and gave up to 40 per cent of iron 
tetracarbonyl on acidification. The latter is formed by atmospheric 
oxidation ; by adding a mild oxidizing agent, such as manganese 
dioxide, the yield of iron tetracarbonyl may be raised to 90 per cent. 
Hieber foimd that the action of bases — e.g. baryta — on iron 
pentacarbonyl was essentially one of hydrolysis, leading to the 
formation of carbonate, the amount of which approached one 
molecule per molecule of iron pentacarbonyl when a suitable excess 
of base was used. When the solutions resulting from the action 
of alkalis were acidified in the complete absence of oxygen, a new, 
volatile, very unstable compound of iron was liberated — iron 
carbonyl hydride. 

Fe(CO)5 -f- 40 H' = [Fe(CO),]" + CO3" + 2 H^O 
[Fc(CO),]"+ 2 H*= [FclCO^Ha] 

Iron carbonyl hydride is a pale yellow, volatile liquid, m.p. — 70 °, 
with a characteristic, nauseating smell. It decomposes rapidly 
above — 10°, giving free hydrogen and the products of decom- 
position of the Fe(CO)4 radicle : 

Fc(CO),H3^H3 + Fe(CO)/ 

2 Fc{CO)^* — >. Fe(CO)5 + Fe(CO)3 polymer, etc. 

It has p<)werful reducing properties, and may be determined quanti- 
tatively by its decolorization of methylene blue. Like mercury iron 
tetracarbonyl, it reacts with iodine to give Fe(CO)4l2. 

In aqueous solution, it has the properties of a weak (usually 
monoltasic) acid. Thus Feigl and Krumholz 3 ® found that the 
salt [Fe(C0)4]HNa.CH30H is formed in the hydrolj'sis of iron 
pentacarbonyl with sodium methoxide, whilst suspensions of 
calcium hydroxide and magnesia react to form [Fe(CO)4H]2Ca, 
[Fe(CO)4H]2Mg respectively.-*® With the bulky metal ammino- 
cations,-** iron carbonvl hydride forms sparingly salts — e.g. the 
seric.s lFe(CO)4H]2[Mii(NH3)o]. where M" = Mn, Fe, Co, or Ni, and 
[Fe{C0)4H]2[M'*phth3]. where M** = Co, Fc, Ni and phth = ortho- 
phenanthrolinc. Salts of the latter type are very insoluble, and 
are precijutatcd quantitatively from solutions. 

Iron carbonyl hyilride differs from other classes of carbonyl 
derivatives in that it is not decomposed by pyridine and other 

Her,, 1923, 56, 2204; Z. anorg. Chem,, 1924, 141, 317. 

Her.. 1931. 64, 2832; Z. anorg. Chem., 1931, 204, 145, 165. 

Z. onorg. Chem., 1933, 215, 242. 

F.^ Hein atid H. Pobloth, Z. anorg. Chem., 1941, 248, 84. 

** W. Hieber and H. Fack, Z. anorg. Chem., 1938, 236, 83. 
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amines, but forms stable salts — e.g. [Fe(CO)4]{C5H5N.H)2- Its 
solutions in pyridine and in liquid ammonia have the electrical 
conductivity of solutions of strong electrolytes, and from the liquid 
ammonia solutions it is possible to prepare the ‘ normal ’ salts 
of iron carbonyl hydride, bv precipitation or evaporation — e.g. 
[Fe(C0)4](NH4)2.0-3NH3, [Fe(CO)4]Na2. [Fe(CO)4]Ca. These are 
formed both by direct displacement of hydrogen by the alkali or 
alkaline earth metals, dissolved in liquid ammonia, and by ncutraUz- 
ing the iron carbonyl hyilride with solutions of the m«‘tal amides. 
The sparingly soluble alkaline earth salts can also be precipitated 
by double decomposition reactions — 

[Fc(CO) 4]U2 + CaL^ [Fe(CO)4]Ca f 2 HI (= 2NH4I) 

Iron carbonyl hydri<lc thus behaves as a fairly strong acid in the 
ammono-system of coinpounils. 

All the compoumls mentioned above arc true salts ; they are 
characteristically decomposed by dilute acids, or even by water, 
forming the carbonyl hydride. By contrast, the metals of tlie zinc 
and copper groups form coinjxmnds with rather dilferent properties, 
which should be regarded as polynuclear coniple.x compounds, non- 
electrolytes. Hock and Stuhlmann’s menairy iron tetracarbonvl 
belongs to this type, and can imleecl be precipitated froin iron 
carbonyl hydride by the addition of mercuric chloride. Similar 
reactions with anunoniacal zinc and cadmium solutions form the 
insoluble compoun<ls [Fe{(J())4|[Zn(NH3)3|, ll^e(CO).il[Cd(NH3)2]. 
There is a clear gradation of j)rop(‘rties in this series of metal 
derivatives, as shown by their reac’tions with acids : 

arctic acl<l ^ 

tFe(C0)4][Zn{NH3)3] > Fe(CO)4ll2 

[Fc(C0)4][Cd(NH3)^] Fc(C()),,Ca— > Fe(W»iBz 

I<V(C()}4lIg - . . no action with aeiils 

The valency rule governing the constitution the metal cai 
bonyls — i.c. that the elfective at<unic number of tlie metal atoni is 
niade up, by electron sliaring, b) tlie ‘ inert gas iiuttiber ■‘" 
suggests that intermediate between Fe(CO).|H2 and Ni(( O)^ then 
should be a cobalt compouml C’o{CO)4H. Suili a cobalt cailnmNl 
hydride does, indeed, exist. It is fortned, like iron carbonyl h) diide, 
by the basic liydroly.sis of cobalt tidraearbonyl : 

3Co2(CO)3 - 1 - 40 H'— > ■)Co(CU)4U 1 'iCO/' i 2 (;o((’())., (i-olyni. r). 
The reaction is in this case somewliat coniplRated by a side reaction : 

3Co2(CO)8 + 4 H 2 O — IColCO)!!! 1 - OKUll). i ICO 


I. I^ngrouirp ASettnee, 1021, 54, 05. 

W. Ilicber, Z. EltkirocMm.. 1034, 40, 15«. 
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When ammonia is used for the hydrolysis in place of strong bases 
such as barj'ta or potash, the second mode of reaction alone comes 
into play. 

The dilute solutions obtained by these hydrolytic reactions 
resemble in their chemical properties the solutions of iron carbonyl 
hydride. They reduce methylene blue, and yield cobalt tetra- 
carbonyl by oxidation with atmospheric oxygen or with manganese 
dioxide. 

By acidifying such a solution with phosphoric acid, Hieber and 
Schulten prepared free Co(CO)4H. They condensed this out as 
a yellow crystalline solid, which melted at — 26-2° and decomposed 
into cobalt tetracarbonyl and hydrogen at slightly higher tempera- 
tures. With an alcoholic solution of o-phenanthroline it formed 
the salt [Co(CO)4]2{H2.phth). 

The precipitation reactions of cobalt carbonyl hydride are 
very similar to those of iron carbonyl hydride. Typical salts 
are formed with electropositive metals and with ammino- 
cations — e.fj. [0o(C0)4]Na, [Co(CO)4]2Ca from liquid ammonia ; 
[Co(CO)4]2[M(NH3)e] from aqueous solutions. The rather soluble 
cobalt (ii) animine salt [Co(CO)4]2[Co(NH3)e] is formed, in small 
amounts, during the hydrolysis of cobalt carbonyl by ammonia, 
due to the dissolution of some cobaltous hydroxide. It may be 
obtained also by the direct action of gaseous ammonia on cobalt 
tetracarbonvl ; 


3 Co 2 (CO)s 7- l--iXH3^2[Co(C0)4]2[Co(NH3)6] -t- SCO 
Compounds an* also formed with the B sub-group metals — e.g. 
[ Co(CO),,l2C«l, [CnfCO; djHg. Like the analogous derivatives of 

. ^ , tliesc are not salts. They are insoluble in 

wat(*r, but are solul^Ie in organic solvents, in which they are 
monomeric. 

In addition to its prej)aration by the hydrolysis of cobalt carbonyl, 
cobalt carbonyl hydride is formed from cobalt (ii) salts in solution, 

very similar to tliose wUicb produce nickel carbonyl, 
'llius cysteine, IIS.Cllo.CI^NHol.COOH (written as HgSR), forms 
complex salts of the type IvoliVhSR)^] with cobalt and ferrous iron ; 
these are e.xtremely sensitive towards oxygen, and their alkaline 
solutions absorb carbon monoxide. \\’hercas the ferrous cysteine 
complex ttuni-s the aihlition coinpoimd already mentioned, no 
addition c’lunptiund (“an be isolated from the cobalt-cyst-einc system, 
although one molecule of CO is absorbed per atom of cobalt. The 
eoiiiplex undergoes disjn-oportiunation instead, forming a cobalt (iii) 
compound. Kjjt as one product. If this salt be first 

“ Z. anorg. Chan., 1937, 232, 17. 
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precipitated by means of acetone, tbe remaining solution yields the 
insoluble compounds [Co(CO)4]2Hg, [Co(CO)4]Ag when it is treated 
with mercuric chloride or silver nitrate.^® It is therefore to be 
inferred that the second product of disproportionation is cobalt 
carbonyl hydride. The reactions appear to be, firstly, 

9[Co(SR) 2]8- + SCO + 2HoO 

6[Co(SR)3]3- + Co(0H)2 + 2Co(CO)4H 

followed, on prolonged reaction, by 

[Co(SR)3]3- + 6CO + 70H- -> 

2C03=- + 3H2O + Co[CO),ll 4- 3SR2- 

The nett effect of these reactions is to regenerate the cysteine, so 
that a small amount of cysteine suffices for the conversion of a con- 
siderably larger amount of cobalt (ii) salt to the carbonyl hydi’idc.'*® 
In effect, the redox pairs Co+^Co"^ and CO/COo are catalytically 
coupled. 

Valence disproportionations of this kind arc not infrequently 
found. With cysteine in alkaline solution, cobalt carbonyl itsell 
undergoes the process 4Co° — >■ Co + ^ 4- 3Co“* : 

2Coj(CO)8 4- 3H2SR 4- 30H- 

3Co(CO) 4H + [Co(SU)3]=‘- 4- ICO 4- 3H.,0 

Cobalt sulphide, xanthate and other tliio-acid complc.\es behave 
similarly. If nitric oxide is admitted to these solutions alter 
absorption of carbon monoxide, cobalt nitrosyl carbonyl, 
Co(CO) 3(NO) (see below, p. 431), is produced. 

Somewhat related to tlie processes ju.st co»isidered are the re- 
actions of carbon monoxide with the metal amminc salts ot' iron 
carbonyl hydride.^’ These yield, as ultimate products, iron car- 
bonyl hydride, iron tetracarbonyl and cither nicki-l carbonyl or 
cobalt carbonyl hydride : 

IVc(C0)4Hh[Ni(NH3)(,] -!-^^^3Ni(CO)4 4* 4 l^'afblO),., 

ITe(CO)4H]2[Co(NH3)o] 1- Fc;,(CO),., i ^ColCO),!!, 

Some interest attache.s to the reaction-s dcscribcl, since th<.*y make 
it possible to obtain the carbonyls of nickel ainl cobalt by reactions 
occurring in solution. In view of the relative inaccessibility of 
cobalt carbonyl, these reactions might be u.seful in many labora- 
tories. It is not yet known whether analogou.s methuds coul<l be 
applied to the convenient iiroparation ol tin- carbonyls «-)f tin* 

** M. P. Schubert, J. Arnfr. C’ht:m. Soc., rJ3'{. 55, 

**G. W. Coleman and A. A. Plane-hard, ./. Am>r. rAr/a. 
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platinum metals — especially those of rhodium and iridium, which 
are closely analogous to cobalt carbonyl. 

The Direct Synthesis of Cobalt Carbonyl Hydride. — The 
extreme ease with which cobalt carbonyl hydride is formed, in spite 
of its instability, is sho^ui by its formation, in a variety of ways, 
in the high pressure carbonyl sjmthesis. Hieber, Schulten and 
Marin found that in the s}’nthesis of cobalt carbonyl, the gases 
blo^^'n off from the autoclave occasionally contained a volatile 
cobalt compound, and they showed this to be the carbonyl hydride 
by precipitating [Co(C0)4]HgCl from mercuric chloride solution. It 
was formed only when the reactants contained traces of water, and 
by deliberately moistening the cobalt sulphide or iodide used for 
the s}mthesis, the yield could be increased: 


2CoS -f lUO -T- OCO + 4Cu — ► 2Co{CO)4H CO 2 -f 200^8 

It was found, moreover, that the carbonyl hydride could be synthe- 
sized directly from its components in a variety of "ways — e.g. by 
heating coljalt carbonyl in hydrogen and carbon monoxide under 
pre.ssure [.-V], by the simultaneous action of hydrogen and carbon 
monoxide on metallic cobalt [B], by carrying out the indirect car- 
bonyl synthesis in the presence of hydrogen — [C]. or by^ the action 
of <‘arb(m monoxiilc on Weichselfelder's cobalt hydride ■*® [D]. 


fA 
1H| 
[C] 

I>) 


(^-’«(C0)4b - 
2(.’o 8Cd -f H“ 
2('oS H, -f 4Cu 

2CoH;-.- 8C0 


> 2Co(CO)4H 

> 2(;o(CO)4lI 

> 2(;o(CO) 4H 2Cu,S 

> 2Co(CO)4H„ 


Reaction [A] is the converse of the spontaneous decomposition of 
colialt carbonyl hydride, occurring at the onlinarv ]>ressure ; this 
is thert'fore a truly reversible process. 

High j)vcssure syntheses of this kind are not limbed to cobalt 
carbonyl liydridc. KldCOl^H. Ir{C 0 ) 4 H, Os(CO) 4 H 2 and probably 
R<‘((. 0)-II have also been formed by similar processes. By con- 
trast, iron carbonyl liydridc is obtained onlv bv livdrolvsis reactions 
in aqueous .solution ; in liigh pressure .syntheses, iron pentacarbouyl 
is the only product. 

1 he ease with whicli cobalt carbonyl hydride is formed extends 
also to its hea\y metal ilerivatives. ^Vhen the metals of the 
B-subgroups arc used as halogen acceptoi-s in the high jiressure 
synthesis, or when their halides arc heated with cobalt metal and 
curbon monoxide, the product of the reaction is not Co(CO) 4 ]o, 
but tlie corresponding metal derivative, identical with t lat obtaiii- 


** AnnaUn, 1920 , 447 , 04 . 
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able from solutions of cobalt carbonyl hydride. The compounds 

[Co(CO) 4 ]TI yellow 

[Co(CO) 4 ] 2 M“ M” = Zn , Cd, Hg, Sidi, Pb (?) (orange) 
Co(CO) 4 ] 3 M"‘ = Ga (?), In (red), W" (violet) 

have been prepared in this manner.'*^ 

Substitution Reactions of the Metal Carbonyls.— It is a 
characteristic property of the metal carbonyls anfl their derivatives 
(other than the carbonyl hydrides) that the carbon monoxide may 
be replaced by other neutral molecules, such as aminos or thioetliers. 
A large variety of compounds is so formed wliicli, like the unsub- 
stituted carbonyls, appear to be bound entirely by co-ordinative 
valence forces. 

It is convenient to consi<ler fu'st the behaviour of tlio iron 
carbonyls. In accordance with the relative inertness of the mono- 
metallic carbonyls generally, iron pontacarbonyl reacts only 
sluggishly with substituents. Neither ammonia nor etliylene 
diamine effects substitution under ordinary comlitions ; they form 
addition compounds Fe(CO) 5 NIl 3 . Fe(CO) 5 en. The formation ot 
such addition compounds is a preliminary stej) of tn‘<juent iiceurrenco 
(c/. the formation Fi‘(CO),.Hg((LVc),), but the amme 

compounds arc peculiar in that they lueak <iown, on treatment 
with acids, into iron tetracarboiiyl (or possibly iron carbonyl 

hydride) and a ferrous salt. ^ . . 

Pyridine reacts slowly with Iron pentacarhonyl at 80 , giving a 
compound, FeafCOl^pyrj.^ This, like many the suhstituted 
carbonyls, absorbs oxygen so avi<lly as to he pyrophoric ; ^it i.-^ 
completely decomposed by bromine, hut iodine at — -1 , or 
cyanogen at GO®, form the same compoumls. KelCOl.pyrsU an<l 
Fe(C0)3pyr(CN),, as arc obtained by the action ot pyn.line on 
the iron carbonyl halides. In the presence of pyndme other 
amines also displace carbon monoxule, ammonia llnui lorining 
Fe(C0)3(NH,)2, and ethylene diamine giving Fe,((-'( ))oeiu. Hie 
latter behaves as if it had tlio constitution Fe((M)) 5 .he en, since 
it gives equivalent amounts of iron ])cnta<'arbi>nvl. fen‘»u.s sa fc am 
hydrogen when it is decomposcil by aci«ls. ^ 

The greater reactivity of ircin tctracarhonyl, l'e;,( In. 
reaction under milder conditions than witli tin- ficnt.nai 
that the initial product is usually a tricarbonyl ‘l‘-nvative a 

(where X = pyridine, o-phenanthrolin«-, ( HjOll, (dljlN, .}. 
rather than a dicarbonyl derivative, as is rre<)urntly llic case in the 

‘*\V. Hieber and U. Teller. 

“ W. Hieber et al.. Be.r., 1U2K. 61. 2421 ; 1..10. 6i. J/J. 
ibid., 1930, 63. 1405; 1931, 64. 2340. 
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reactions of iron pentacarbonyl. Tlie further reactions of sub- 
stituents may then lead to compounds with lower ratios of Fe : CO. 
In the substitution reactions, iron pentacarbonyl is always formed 
to the extent of 33-50 per cent : 

2Fe3(CO)i2 + 3 pyr -> 3Fe(CO)3.pyr + 3Fe(CO)5 
FcslCOha 4 - CH3OH 2 Fe(C 0 ) 3 .CH 30 H + Fe(CO)5 + CO 

The formation of iron pentacarbonyl may signify that a Fe(C0)4 
radical (the existence of which has been assumed on photochemical 
grounds) is formed transiently in the reactions, and is reduced by 
nascent carbon monoxide. 

The redistribution of carbonyl groups illustrated above is typical 
of the reactions of these compounds, as also is a disproportionation 
into Fe2+ and iron carbonyl hydride when the compounds are 
decomposed by acid : 

3Fe(CO)3,X + 2H+ — j- Fe2+ + FelCOl^H, + Fe(CO)s + 3X 
2Fe(CO)3,X + 2H+ — > Fe2+ + Fe(CO) 4 H 2 + 2CO + 2X 

The ethylene diamine derivative Fe2(CO)4en3 reacts with acids to 
give equivalent amounts of ferrous salt and iron carbonyl hydride, 
and thus behaves as if it were the salt of iron carbonyl hydride with 
a complex cation, [Fe(CO)4][Fe eug]. However, Hieber and Fack 
found that they could not prepare salts of the analogous complex 
cations [Co 003]-+, [Ni 603]=^-, and concluded that Fe2(CO)4en3 is to 
be regarded as a pure co-ordination compound. It is not possible 
to formulate most of the substituted carbonyls as salt-like deriva- 
tives of iron carbonyl hydride. 

Carbonyls of other metals give rise to similar series of derivatives. 
Thus, the action of pyridine on nickel carbonyl ultimately yields 
Ni2{CO)3pyr3 ; the displacement of carbon monoxide by pyridine 
IS a reversible reaction, illustrating the mobiUty of the metal-CO 

system. AVith o-phenauthroline, nickel carbonyl forms the very 
Stable Ni(CO)2phth. 

The hexacarbonyls of chromium, molybdenum and tuno^sten 
show a greater regularity in their substitution products,^^ iu°that 

their composition is, for the most part, such as to maintain the 
co-ordination number 6. 


Cr(CO )2 


pyr 


Cr(CO)jpyr2-« 


I>>T 


" Cr(CO)3pj'r3 + CO ^ 

Cr(CO) 3 .pyr.phth 

I he .substituted compounds are much more reactive than the 


■ Idem, ibid., 11)32. 65, lOlK). 
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hexacarbonyls ; they are decomposed by acids, forming compounds 
of the trivalent metals and an equivalent amount of hydrogen . 

Mo(CO)3pyT3 + 6HC1 [MoCle](pyr.H)3 + SCO + 

Similar compounds {e.g. Re{CO)3pyr2, Re{C 0 ) 3 phth) have also 
been obtained from rhenium carbonyl, but the detailed chemical 
behaviour of the recently discovered carbonyls remains to be 
investigated. 


NITROSYL CARBONYLS AND METAL NITROSYL DERIVATIVES 

Nitrosyl Carbonyls.— Nitric o.vide reacts with the polynuclear 
carbonyls of cobalt and iron, forming volatile red liquids wliidi are 
the nitrosyl carbonyl compounds Co(CO)3NO and bc(CO}2(NO)2.^ 
respectively. The reaction with cobalt carbonyl is practically 
quantitative, following the equation 

Co2(CO)8 + 2NO ^ 2 Co(CO)3NO + 2CO 
The formation of cobalt nitrosyl carbon};! by an indirect 
presumably involving the disproportionation of K3[Co(CN)5CO], bus 
been referred to on an earlier page. Both iron nonacarluniyl and 
iron tetracarbonyl undergo a rather comi)le.\ reaction with nitric 
oxide, whereby iron pcntacarlionyl and tlie nitrosyl carbon} 1 .iie 

formed simultaneously. , , . ,, r 

It may be seen that the metals nickel, cobalt and iron thus form 

a graded series of volatile compounds, 

Ni(CO)4 Co(CO) 3NO Fe(CO)2(NO)2 

in which, as the atomic number of the central atom is decreuM-d. 
carbon monoxide is replaced step by step by nitric oxu e. e 
physical properties of these substances .show a corri‘Sj)oni ing s^eat } 
gradation, which reflects the iiicrea.sing dipole moment introduced 
by the substitution of NO for CO (lable 5 ). 


Table 5 


, Boiling-point Iir 

! Freezing-point .... — -3° 

j Trouton’e const 21-3 

Donaity at 20'* .... I 31 

I’arachor 2 .>ri 3 

2ero-iK)int volume . ‘34-4 







22 0 

117 
24‘.) « 
Ui i 


11 10 '] 

; IS-r 
24 O 

1 ra> 
2 r> 2 -r» 

h7-o 


R. Mond and A. Wallis. J.C'.A’.. 1U22 121. 
“ J. S. Anderson, Z. tinorg. Cftcm., 11132, 2 U 0 


34. 

23«. 
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Tlie carbon monoxide in tbe nitrosyl carbonyls is replaceable by 
other neutral molecules, just as in the carbonyls, but in these 
substitution reactions the nitrosyl group is not displaced.®® The 
resemblance of the compounds to nickel carbonyl is exemplified 
further in that reaction with pyridine, leading to the compounds 
Co 2 (NO) 2 (CO)p 3 T 2 and Fe 2 (NO) 4 pyr 3 , is reversible and incomplete, 
while reaction with o-phenanthroline forms the stable compounds 
Fe(NO) 2 phth and Co(NO)(CO)phth. Here again, comparison with 
the nickel compound Ni(CO) 2 phth shows a step-b^’-step replacement 
of carbon monoxide bv nitric oxide, while preserving the same 
structural tj'pc. 

Iodine also displaces carbon monoxide from iron nitrosyl carbonyl, 
forming iron dinitros^d iodide. FelNOjoI. The nitrosyl carbonj'ls 
arc thcrebv linked with other iron nitrosjd com])ouuds, and especially 
with the ‘ red salts of Koussiu FelNOjoSR, w’hich are likewise 
derived from the univalent radical Fe(NO) 2 — . 

More recent work has shown some rather close analogies 
between the chemistrv of the nitros}'! compouncLs and that of the 
carbon^’Ls. Fe(NO) 2 l can be prepared by the direct reaction of 
nitric oxide with ferrou.s iodide or iron carbon\d iodide, as well as 
in the manner cited above. If finelv divided carbonyl iron is 
pre.sent as a halogen acceptor, the analogous bromide FelNOjgBr 
and the volatile trinitro.svl iron chloride Fe(NO) 3 CI can be prepared 
b\’ similar methods, \olatile. covalent nitrosjd monohalides, 
(V)(N0)2X aiul Ni(XO)X, are formed b\’ cobalt and nickel also. 
These may all be ])reparod by reactions typicallv’ similar to those 
of the high pressure carbon^'l s\'nthosis, involving the metal halide 
and a halogen acceptor : 

(’oX„ -r Cu f 4X0 - 
2NiI., - Zn4- 2X0- 
Snl^ r 2C(>-f 4X0- 


2Co(XO).X 
2Xi(X0)i - 
2Co(XO)J - 


Znl. 

Snl 


I he ea.se of formation of the.se compoumls increases m the sequence 
Xi < Co < I'e and X = (’I < Br I, so that FelNOljI is the most 
stable aiifl most rea mIv formed. This is the sole product of reaction 
of nitric oxide with cobalt iodide in the presence of metallic iron : 

CoU -I- 2Fo -f 4X0 — ► Co -f 2Fe(XO)2l 

The monometallic carbonyls react with nitric oxide in quite a 
diiTerent manner from the. polynuclear iron and cobalt carbonyls, 
for reaction oecur.s oni v when it can be accompanied b)' simultaneous 
oxidation. Tlie veiy stable hexacarbonvls of chromium, molyb- 

\V. Hu-ber and .1. S. Andcr.-Jim. if, id.. 1933. 211, 132. 

” Uii-lxT and Xiunt. Z. unorg. Chem., 1940, 244, 23; Hicber and Marin, 
ilnd., 1939. 240, 241, 
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denum and tungsten are quite inert, and tlie reaction of iron 
carbonyl has not been properly elucidated. Solutions of nickel 
carbonyl in inert solvents, however, react with nitric oxide to form 
a blue amorphous substance, in very small amount ; this is soluble 
in, and decomposed by, water, and has been shown to have the 
composition Ni(NO)OH.^ It appears to owe its formation to 
traces of moisture adventitiously present. W hen dissolved in 
methyl or ethyl alcohol, nickel carbonyl reacts almost quanti- 
tatively with nitric oxide, forming similar blue compounds 
Ni(N0)0CH3.CH30H.H2O, NilXOlOCjH^.H-.O. These need fur- 
ther investigation, but it would appear that all are derived from 
the same univalent Ni(NO)- radicle that is present in the nickel 
nitrosyl halides. The principal chemical pro[)eities of all the 
compounds arc similar. 

They are decomposed by acid.s, the formally univalent ineta 
being oxidized to the bivalent state at the expense of the nitrosN 
group : e.g. 

2 Ni(NO)X -f 2 UX 2X1X2 r ILO -i- X^C* (or XO UX.) 

The nickel nitrosyl compounds react with the eyanide aiul thio- 
sulphate ions to form the .salts of complex nitrosyl anion.s — 
e.g. K3[Ni(N0)(S203)2l.2II..0 an.l KdNi(NO)(CN),,l. The latter is 
identical with the salt formed by the action of nitne oxid<* on 

Belucci’s KafNiCCNlal. . , 

With amines, the metal nitrosyl <lerivatives may react either 

additively, as in the formation of Ni(NO)I.2phth from Ni(X ) , 
or by substitution of nitrosyl groups by amine '“‘“‘^^cules 1 hiis 

iron dinitrosyl iodide reacts with pyrhline to form re(i 0)(p> r)6 
In this respect they dilfer from the iiitro.syl carbonyls ; m these 
compounds the replacement of carbonyl groups by neutral mole- 
cules takes place readily, but the displacement of nitrosyl groujis 
has not been observed. With an e.xcess of amines capalile o 
forming very stable complex cations, comphde deeompositi.m and 
intramolecular oxidation can occur. Thus an exce.s.'. o ’’r “> 
phenantbroline converts tlu; iron nitrosyl diTivatives to >a t^ o n 
[Fe phth 3 ] 2 + cation, nitrosyl groups being lost as N^O m the pioi i s-*’- 

The Constitution of the Metal Carbonyls. -Since the dis- 
covery of the metal carbonyls, their con.stitution lias presented a 
problem in every dcvelofunent of the tlufory of 
non-polar character (to whiidi they owe their volalility) an«l Mie 
diamagnetism of the simple carbonyls and all iheir sii )s 1 u 1011 
products, stand in contrast with tlic properties of other classes ol 
compound formed by the transition elements. 'I he formal valency 

J. S. Andereon, Z. anorg. Chem.. 1930, 229, 3a7. 
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of the metals in the carbonyls is not immediately apparent, but 
there is evidently some simple systematic relation between the 
atomic numbers of the metals and the composition of their simplest 
carbonyls. 

These considerations rule out older speculative views, which 
sought to retain the normal valencies of the carbonyl-forming 
metals. The accepted view, that carbon monoxide is in some way 
linked or co-ordinated with the metal atom (as are the ammonia 
molecules in a complex ammine), was foreseen in a sense by Ludwig 
Mond, in his first account of the compoimds in 1892. 

This conception carries with it the implication that the CO 
groups exist as such within the molecules, and that they retain 
much the same bond character as in the free carbon monoxide 
molecule. The first point is attested by the ease with which carbon 
monoxide is liberated as such, and by the step-by-step replacement 
of carbonyl groups by neutral molecules — every successive stage of 
replacement being capable of realization in certain instances, such 
as in the iron carbonyl halides. 

Several lines of evidence lend support to the second conclusion. 
Sutton and Bentley found nickel carbonyl to have a zero dipole 
moment. This implies that the M — C — O group must be collinear, 
since the free rotation of bent groujjs would confer on the molecule 
a resultant dipole moment, such as is found for C(OEt) 4 . 

Unless the metal-CO link is ketenic in nature, M=C=0, which 
would involve very high covalencies in Fe(CO )5 or Cr(CO) 9 , this is 
compatible only witli a triple C^O link, such as exists in carbon 
monoxide itself. The Raman spectrum of nickel carbonyl lends 
support to this view, for the strongest Raman line corresponds to a 
displacement of 2,039 cni.“^ compared with a shift of 2,155 cm.~^ 
in the Raman spectrum of carbon monoxide. Comparison of these 
figures with the Raman shifts characteristic of double and triple 
bonds, respectively, shows that a triple bond is present both in 
carbon monoxide and in the carbonyls.®® Recent measurements of 
bond lengths, by the electron difiraction method, are also in accord 
with this coiu lusion, though they indicate also that the M — C and 
O O bonds are probably not pure single and triple bonds respec- 
tively ; they may perhaps be resonance hybrids, in which (especially 
in nickel carbnnyl) the ketcnic form is not unimportant. 

It is pi-nnissible, therefore, to regard the CO group in the 
carbonyl.s as a little-iiiodilied carbon monoxide molecule, co-ordin- 
ated to a central metal atom, as other neutral molecules or ions are 
linked, in <-omplex salts, to central cations. The existence of the 


J.C.S., 1933, 052. 

J. S. AndersoD, Nature, 1932, 130, 1002 
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simplest carbonyl compound, borine carbonyl, BH3.CO, which is 
exactly analogous to BH 3 .N(CH 3 ) 3 . shows that the carbon monoxide 
molecule can act as a co-ordinatmg group in this way. 

On the view that carbon monoxide is co-ordinatively bound to 
the central atoms, an important rule, first pointed out by Langmuir, 
emerges governing the composition of the monometalhc carbonyls. 
In each case the number of carbon monoxide molecules is such as 
to make the effective atomic number of the metal, on Sidgwick s 
conception of the co-ordinate link, up to that of the next mert 
gas (Table 6). 

Table 6 


Ni(C0)4 

Fe(C0)5 

Cr(CO), 

Mo{CO)8 

Ru(CO)s 


E.A.N. = 28 -I- 4 X 2 = 3G 
26 + 5 X 2 36 

24 + 6 X 2 36 

42 4- 6 X 2 54 

44 -f- 5 X 2 54 


It is significant that the elements of odd atomic number, Co, llh, 
Ro, Ir, form no monometallic carbonyls. The requisite condition 
of molecular stability has to be achieved by some further formation 
of co-ordinate links within binuclear molecules. 

The molecular configuration of the monometallic carbonyls is also 
of interest, since on Pauling’s view the storic arrangement about the 
central atom provides evidence of the type of hybrid bond orbital, 
involved. For the hexacarbonyls of chromium, molybdenum and 
tungsten it ha.s been shown by X-ray crysta structure methods 
that, as would be expected, the carbon monoxide is closely co-ordin- 
ated in an octohedral configuration about the metal atoin. llu 
metal-CO distance, wliich affords a measure of the tightness ot 
binding of the CO, increases from chromium to tungsten to a greater 
extent than corresponds with the increase m atomic radius ui 
keeping with the perceptible decrease m stability of the carbon> Is. 

Nickel carbonyl provides an interesting stereochemical com- 
parison with other nickel complexes m that it is derived, not Iron 
a Ni2+ ion, but from a neutral nickel atom '/ 

quantum sliell. It is thus isoelectronic with the [Zn(C.N)ih ion. 
On Pauling’s theory, the co-ordinate links must thereiore be fonm. 

from the hybridized orbits, and ‘ 

hcdral configuration which is, mdeed, found for the [/idCNLl 1 • 

The tetrahe^al conliguration of nickel carbonyl s.) pre.licted has 
been inferred indep.mdently from tlie nature of its ^ 

and has been confirmed by Brockway and t russ - lioni the eh. 
tron diffraction study of nickel carbonyl vapour. 

E. Kudorff und U. Hoffiiuimi. Z. phynihiL ChM., It. 1935. 28. 3.)1. 

J ^ Chtm, Vh\fi$ics^ 1935, 3, 828. 
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These views may be extended to the closely allied nitrosyl car- 
bonyls. A (NO)'*’ group would have the same number of electrons 
as neutral CO, or as the (CN)“ ion, and so could be written with 
the same triple-bonded structure. Since neutral nitric oxide has 
one electron more than has carbon monoxide, the formation of a 
metal nitrosyl compound can be regarded as involving first the 
transfer of an electron from the NO group to the metal, followed 
by co-ordination of the (N=0)+ group thereby resulting. The 
elYectiv’c atomic number of the metal atom is thereby increased, 
and its elcctrovalency, if an ion, is decreased, each bv one unit. 
In an exactly similar way, the co-ordination of a (CN)~ group 
raises the electrovaleucy by one unit. It is thus clear why the 
nitrosyl carbonyl.s of cobalt and iron conform to the same struc- 
tural type as nickel carbon}*! ; in each case, the central atom 
bt*<*omes a ‘ pseudo-nickel ’ atom. 

Ni{0())4 Total E..\.N. of im-tal atom = 2S — 4 x 2 = 36 

(.’(.( 00 ) 3 X 0 = 27 -r 3 -f 3 X 2 = 36 

Fr(CO)2(NO)., = 26 -f 6 -I- 2x2 = 36 

The same conformity to (he structural type of the nickel carbonyl 
compound is seen in the o-phenanthrolinc compounds Ni{CO)ophth, 
('oijOKNOlphth. Fe(N()),phth. 

'riiis rule relating to the co-ordination of NO, CO and CN groups 
applies ipiite generally, and is not restricted to the carbonyl 
compounds. This may I)e seen from a consideration of the 6-co- 
ordinated ]«‘ntacyano compounds of a number of metals (Table 7). 

Table 7 


-U— {.VO)-f- 

.V— ({‘O) 

(CX)- 

K,dMn(CXbXO] 


KdMn{CX)«] 

Kdre(CX) 5 XO] 

K4Fr(CX)^C01 

K3|I*V(CX)5XH3] 

KdFe(CX)e] 

K41Ui(('X).XO] 

KdKuC'bXO] 

K,[Ru(CX)o] 

KdOsChXO] 


K,[OsCIJ 


Metal Cyanyls and Isonitriles. — Tlie erjuivalence of the 
:( ::;N: and grou|)s in the complex cyanides (Table 6) 

prompts the question whether these groups are also interchangeable 
m the carbonyls pn.per. This is. in fact, the case. Eastes and 
Ibirgess found that tlio reduction of KdNilCN)^] by metallic 
potassium ill liijuid ammonia produced a complex salt of zero-valent 

Anur. Chtm. Soc., 1942 64, 1187. 
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nickel, K4[Ni(CN)4]. This is equivalent in electronic structure to 
nickel' carbonyl, although the C— N” groups confer on the complex 
an anionic change. It might appropriately be termed a nickel 
cyanyl. 

Electrostatically neutral analogues of this type of compound 
might be formally derived from the isonitriles, R ; the 

nitriles do not come into question, since co-ordination is effected 
through the carbon atom in the carbonyls and the cyano-complexes. 
The compound [Fe(CN)2(CN.CH3)4], which has been known for a 
long timo,34 jg of this type. Hicber and Bockly have recently 
shown that isonitrilc groups can displace CO groups from the metal 
carbonyls, forming derivatives of considerable stability. In the case 
of nickel carbonyl, the process can indeed be carried to the limit, 
all the CO groups being displaced to form nickel tetraphenyl iso- 
nitrile, [Ni(CtZ^N.CeH5)4]. a yellow, extremely stable compound 
which may well be the precursor of a new field of transition metal 

chemistry. 


Ni(CO)4 -f 3C^ N.CH3 -i. NKCOKC^N.CTUa + 3CO 
Ni(CO)4 + iC^N-CoHj— > Ni(C -— N.CeHe)^ + 4CO 

Nickel Compounds of Phosphorus Trihalides. — The possi- 
bility of preparing ‘ pure co-ordination ’ compounds analogous to 
the carbonyls is not restricted to the replacement of CO by iso- 
electronic groups. Chatt «« has advanced reasons for 8ui)i)osmg 
that Pda and PF3 l>ear some resemblance to CO as co-ordinating 
groups, and that both differ in certain respects from ammonia, 
the co-ordination of which is satisfactorily interpreted in terms of 
the ‘lone pair’ hypothesis. Thus CO and PCla both form very 
unstable compounds with BF 3 , but extremely stable compoumls 
with PtClg, whereas ammonia forms stable, non-volatile compounds 
with both BF3 and PtCI^. FF3, in particular, forms the volatile 
compounds [PtClafPFab]. [IHCUfPFa)],, which show a marked 
resemblance to Scliiitzenberger's carbonyl platmous chlorides. 

Thi.s similarity between the PX3 and the CO groups lias now 
been shown to extend to the metal carbonyls also. Pf ’lg reacts 
readily with nickel carbonyl, displacing all the CO groups and 
forming a yellow, non-volatile comjjound Ni{PCl3)4.®’ Ihs effects 
only a partial and reversible displacement of CO from nickel car- 
bonyl, but will combine directly with metallic nickel to form 


•« Hartley, J.C./i'.. 1D13. 103. 11‘JG ; 1910. 105. 331 ; Powell and Bartin- 

dale, lOuI.. 194r>. 799. 

Z. aru/rff. 1950, 262 * 344* 

J. Chalt, h^ature. 1950, 165, 037. 

J \V Irvine, Jr, and O. Wilkinson, Scunce, 1061, 113, 742. 
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NifPFOd, although this compound is most readily obtamed by 
displacing PCI3 from NiiPCls)^ by means of phosphorus tnfluonde 


Tetrafphosphorus trifluoride) nickel is a colourless, mobile, dia- 
magnetic liqiid, m.p. - 55^ boiling at 70■7^ with a density of 
1-800 at 25°. It thus resembles nickel carbonyl m physical pro 
nerties but is more stable and rather less reactive. The properties 
of the co-ordinated PF 3 and PCI 3 groups in these compo^ds are 
so far modified that hydrolysis occurs only slowly, so that JSiCP-bali 
may be vaporized in the presence of steam.®® There is some 
evidence that the PF 3 compound, like nickel carbonyl, reacts with 
p\Tidine by partial displacement of the PF 3 groups. 

Other Group VB halides appear to have potentially the same 
co-ordinating properties, and Wilkinson «® has foimd that antimony 
trichloride may also displace CO from metal carbonyls. The com- 
pounds Ni(CO) 3 SbCl 3 and Fe(CO) 3 (SbCl 3)2 have been isolated by 


this means. , . . , . • i.- r 

It was sn«T‘’ested by Chatt {he. cit) that it is characteristic ot the 

stable co-ordinations of CO, of PF 3 , etc., and probably of olefii^, 
that they are formed only by transition metals with filled d orbitals. 
This coidd make possible a sort of back-co-ordination, between 
filled d-orbitals of the metal atom and vacant orbitals or .-r-orbitals 
of the co-ordinated group. This would produce a n-tyipe. dative 
liond, operating in addition to the (a-t>i)e) lone pair co-ordmate 
link— an idea already adumbrated by Hicber.®® It may be sig- 
nificant that the dimensional evidence points to a co^iderable 
measure of double bond character in the nickel-CO linkage of 
nickel carbonyl. 

Carbonyl Hydrides and Polynuclear Carbonyls.— Iron and 

cobalt carbonyl hydrides have been shown '® to have the same 
tetrahedral molecular configuration as is possessed by Ni(CO) 4 . It 
is not certain, however, how the hydrogen is, bound in these 
molecules. Ewens and Lister suggested that it is linked to oxygen, 
to make a grouping (:C:::0:H)+ wliich is isoelectronic with the 

grouping, and therefore with {:C:::0;). The parallelism 
between the formation and the constitution of carbonyl hydrides 
and of nitrosvl earbonvls follows naturally from this plausible 
hypothesis, but rigorous proof is lacking : — 

Ni(CO)4 Co{CO) 3(NO) Fe(CO)2(NO)2 

Co{CO)3(COII) Fe(CO)2(COH)2 

There is no doubt that some CO groups act as bridges between 


Wilkinson. lUSl, ])rivrtte conuuunieatiou. 

\V. Hii'ber, Angeu'. Chem.. 1042. 55, 25. 

U. V. G. Ewens and M. W. Lister, Tran^\ Faraday Soc., 1039, 35, 681. 
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tke metal atoms of the polynuclear carbonyls, but only m the case 
of Fe,(CO)e has the structure been determined experimentally 
with any completeness. In this compound, three CO groups are 
linked, as bridge groups, to both atoms of iron, as m structure (1). 
The distance between the iron atoms would be compatible with an 



additional covalent bond between the iron atoms. 

implication of this structure is that the polynuclear caibon> .s 

contain two fundamentally distinct kinds of CO-groups 

carbonyl groups, M^C^O. and groups essentially similar in natur 

to the carbonyl groups of ketones, It would also appear 

that the iron atoms in Fe.(CO), (and presumably in 

which is believed to have a sterieally ana ogmis bridgeil st uc ) 

arc not zero-valent, but trivalent. It wdl be apparent f o he 

earlier portions of this chapter that there is no ^ “ 

to indicate any vital constitutional ddferenee between the mono- 

metallic and the polynuclear carbonyls. . , , 

It is possible that the facts could be harmonized by the to. cc I 

of electron-deficient bonds, in the form already invoked to expl.u 
H. M. Powell and R. V. G. Ewens, J.C.3., 1039, 280. 
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the constitution of the poljTneric metal alkyls. Thus Snow and 
Rundle have foimd that dimethyl beryllium is made up of linear 

chains involving bridging methyl groups : 



GH3 CH3 CH3 CH3 

Thev re-ard the bridge groups as tetrahedral methyl groups in 
which one of the tetrahedral bond orbitals is directed sjTnmetncally 
between the two neighbouring beryllium atoms, and supple that 
this orbital overlaps orbitals of both beryllimn atoms. The three 
orliitals involved combine to form a single molecular orbital which 
is, however, tenanted by only one electron pair. The bonds are 
thus of fractional order ; there may, in addition, be some measure 
of metal-metal bonding. The validity of this model has not been 
established, but if it may be extended to the pol>*nuclear carbonyls 
we could consider one orbital of the CO group (that containing 
the lone pair of electrons) as overlapping sjmimetricaUy a vacant 

orbital of each metal atom. , 

It is probably safe to conclude that although the spatial arrange- 
ment of the atoms has been found, the bond pattern in the tj^pical 
polvnuclear carbonyls is uncertain. The constitution of these com- 
pounds mu.st still be accounted amongst the unsolved problems of 
molecular structure. 


Artn Cryst .9 1951 , 4 , 348 * 



CHAPTER XV 


METALS AND INTER MET.ALLIO COMPOUNDS 

Most chemical compounds conform to the simple rules which are 
explicable in terms of the electronic theory of valency outlined in 
an earlier chapter. This implies that the composition of the coni- 
poimds is determined by the number of electron-pair covalent bonds 
which can be formed by the component atoms, or by the valency of 
the ions formed by these atoms. The law of constant proportions 
then finds its place as a corollary to the nature of the valence forces 
responsible for chemical combination. An c.xamination of the 
whole range of chemical compounds shows, however, that this 
general principle is not sufiiciently comprehensive to include every 
case. Thus, there are, on the one hand, certain classes of com- 
pounds, such as the nitrides and carbides of the heavy metals, or 
most of the intermetallic compounds, which defy interpretation in 
terms of any rational valency rules. Further, .a closer e.xamination 
shows that there are groups of compounds for which the law of 
constant proportions is no longer rigorously valid. Tlie inter- 
metallic compounds provide obvious examples of this type, but 
recent work has made it increasingly apparent that the phenomenon 
extends also to other classes of compounds — for example, the 
transition metal oxides and sulphides — which wouhl not have been 
thought to deviate from strictly stoicheioinetric composition. Our 
knowledge of the possible bimling forces between atoms has been 
sufficiently advanced by the quantum mechanical development of 
the electronic theory for us to be certain that these exceptional 
classes of compounds inu.st be capalde of inclusion within the gciK^ral 
scope of valency theory. In this clnipter ami the ne.xt, the essential 
features of these intermetallic and interstitial compounds {see below, 
p. 476) are described, and the theory of tlieir nature is briefly and 
qualitatively discussed.* 

The study of intermetallic and interstitial compounds is essen- 
tially a study of the solid phase. Hence, tliey must necessarily 

* For authoritative monograpiin on this Kul>ject, and on tlic theory of metals, 
fioo The Slructure of MelaU and AUoijh, W. Hume-Kothery. Institute of .M<-tals. 
1930; The Theory of the Proj)t:rtics of MtUiU and AUoyn, N. F. .Mott and 
H. Jonea, Clarendon Press, Oxford, 1930. 

Ml 
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be discussed in the light of their crystal structoe. H^ein, indeed 
lies the crux of the problem as to the vahdity of Dalton s and 
Proust’s conceptions as to the fixity of che^cal composition. 
Where a compound cnn exist in the form of discrete molecules 
as a gas, a liquid, or in solution— the rigid stoicheiometnc laws 
must hold. In the cases to be considered m this chapter, however, 
the compounds can be said to exist only in the solid 
this sense, a compound can be defined only as a phase of detmite 
and characteristic structure, which generally conforms closely to 
a simple chemical formula, but which may, in some c^es, exist 
over a limited range of chemical composition. The apphcation of 
this conception will become apparent in the following sections. 

) The systematic study of intermetallic compounds dates from the 
researches of Heycock and Neville, who established unambiguously 
for the first time the existence of compounds in the copper-tin 
system. Ill recent years, the methods of thermal analysis and 
micro-graphic examination have been supplemented, notably by the 
powerful methods of X-ray crystallography, which is especially 
valuable iu that it provides a means of studying the important 
reactions and transformations which proceed in the solid phase. It 
allbrds, moreover, a more accurate method of fixing the range of 
existence, and therefore the formulae of the phases formed, than 

is possible bv the classical method. 

Since about seventy of the elements are metals or semi-metals, 
the number of their pos-sible combinations, in binary systems alone, 
is very large. Incomplete us the study of metal chemistry still is, 
the munbt^r and variety of the known compounds present a con- 
fusing picture. It is therefore necessary to look for such general 
principles as will enable as many as possible of the characteristic 
featuivs to be related to basic chemical concepts. 

The Elements of the Theory of Metals.— In applying the 
flectronit: theory of valency to pure metals and to intermetallic 
compounds, the suggestion was early made ^ that the cohesive 
forces; resjjonsible for the chafacteristic properties of metals, were 
hoim>polar bunds of some type. Such a conception is hot quite 
satisfactory, however, since intermetallic compounds share with pure 
nu'tahs those characteristic metallic optical and electrical properties 
which find their origin, as will be discussed, in the more or less free 
state of the Viilency electrons. Moreover, metals and intermetallic 
compounds commonly crystallize in structures wherein each atom 
is surruim(l»'(l by a large number of equivalently placed neighbours ; 
thus, in the hexagonal close-packed structure, and the face-centred 
cubi<‘ structure, each atom is the centre of a group of twelve equi- 
^ V, M. Goldschiniilt, Z. phys. Chem., 1928, 133, 397. 
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distant neighbours. This number far exceeds the number of avail- 
able valency electrons, so that it is not possible to speak of any 
localized homopolar links. It is useful, before passing to the con- 
sideration of particular types of intermetallic systems, to consider 
briefly the elements of the modern theory of the metallic state. A 
detailed discussion of the theory of metals Ues far beyond the scope 
of this book, but a qualitative consideration of the subject is of 
considerable value for the light it sheds not only upon intermetallic 
compound formation, but also on the characteristic electrical and 
magnetic properties of the metals. 

The electrical and optical properties of metals require that metals 
should contain free electrons comparable in number with the 
number of atoms present. On the classical electromagnetic theory, 
the free electrons constitute an ‘ electron gas ' which difl'uses freely 
through the crystal lattice formed by the positive ions of the 
metallic clement. Such a picture immediately encounters a funda- 
mental difficulty, however, which was overcome only by the ap{)li- 
cation of the newer quantum mechanical conceptions.® Tin- euert'V 
of the electrons in the electron gas would necessarily follow the 
Maxwell-Boltzmann distribution law, and O. W. Hierhardson’s 
fundamental work on thermionics showe<l that the distriluition 
of energy amongst the fastest electrons is, indeed, i^Iaxwellian. 
On the other hand, if this were so, each electron must contribute 
a quantity -^kT to the specific heat (k = the Boltzmann constant) 
so that the total atomic h(*at would approach Zli. In fact, how- 
ever, the Didong and Petit rule (i.e. that tlie atomic heat = 'SR) 
applies equally well to conductors and to insulators, which can 
liave no free electrons. Thus, it apj)ears either that the electrons 
contribute practically nothing to the specific lu;at, in contradictioti 
to the electron gas conception, or else that then- anr far fewer fre<! 
electrons than required by the optical tlieory. 

The solution of the jjioblein thus })re.scnte»l is associated with 
tlie work of Soinmerfehl, Fermi an<l Bloch. As will be .seiui, it 
follows in essence directly from tlj<; application of the 1‘auli <‘.xclu- 
sion principle to the nu^tallic electrons, whereby not more than 
two electrons, of opjjosed angular monu'iituin, may <jccM{)y any 
one electronic state. 

The underlying id<*u may be illustrated tiiugramnial ic-ally by 
considering the distribution (A <;nergy aiiione.>t the eh’ctn)ns in the 
atoms of, for example, the eletjient neon. 'I’he n«-on atom contains 
ten electrons which, in a suitable electrical or magnetic fiehl, are 
resolved int<j ten discrete energy levels. In an a.sseinblage of neun 

• Uftoful reviewB arc j{ivcn \>y iJcckor, X* 1^0 klrorhcm,, ItiJl, 37» 4UJ, 

U. DehUiiger, ibul., 1932, 38/ 148. 
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atoms, the ‘ population ’/(E) of each of these states may be plotted 
against the energy E of the state (Fig. 57). At the absolute zero 
of temperature, all the electrons are in the states of lowest possible 
energy, so that — bringing in the Pauli principle — -the distribution 
follows the continuous line. Each state is then either completely 
filled, or else quite unoccupied ; /(E) = 0 or 1 for each level. At 
temperatures high enough for the thermal energy to be comparable 
with the energy of excitation of the * outermost electrons, elec- 
trons may be promoted in some atoms of the assemblage from the 
10th, 9th, etc., energy levels to the 11th, 12th, etc., (excited) levels. 
The statistical energy distribution is then represented by the dotted 
curve. Except where very large quanta of energy are available, 
the populations of the inner electronic states remain unchanged. 



This ])icture may now be transferred to the metallic state. 
Just as, in the molecule of a compound, the electrons must strictly 
be referred to molecular orbitals, and not to the quantum levels 
originallv occupied in the uncombiued atoms, so a piece of metal 
--c.q. a single crvstal--constitutes a giant molecule. The elec- 
trons are helil in common by all the atoms contained in the unit, 
and have to be fitted into a very large, but discrete, number of 
energv states. Eacli of these, in acconlance with the Pauli principle, 
holds two electrons. If the unit contains A’ electrons, then at the 

absolute zero, the first -y states will all be doubly occupied. 

The electron is not merely particulate in nature, but has all the 
f)roperties of a wave motion — as is shown, for example, by the 
diflVaction of electrons at surfaces (Chap. V). Each possible 
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electronic state may therefore be described in terms of a wave 
function, which is a solution of the appropriate Schrbdinger differ- 
ential equation. If, then, as the simplest model, the potential 
within the metal be taken as uniformly zero, rising to a finite 
value at the boundary, the electron is represented by a stationary 
wave within the metallic crystal. It emerges from the solution of 
the wave equation that the wave-length of the electrons in the 
highest states is of the same order of magnitude as the distance 
between the atoms, and it follows that the energy of such electrons 
is several electron-volts in magnitude, greatly exceeding tlie tliormal 
energy of an atom at room temperature (3fe7‘ 0-07 e.v.). In 

accordance with the picture developed simply above, some of the 
electrons at temperatures above the absolute zero may be promoted 

to levels higher than the ^th, the energy distribution amongst 

2 

these electrons being then represented roughly by the dotted curve 
of Fig. 57, which— for the highest excited states— roughly follows 
the Maxwell-Boltzmann law. It is only these electrons, few at 
room temperature in comparison with the total number of elec- 
trons, which contribute to the heat capacity of the metal, so that 
the electronic contribution to the specific heat is inevitably small. 
The major part of the specific heat is expended in increasing the 
thermal energy of the atoms, so that metals conform to the Dulong 
and Petit rule. 

In an actual metallic crystal, the potential field is not umform. 
but periodic ; the potential rises to a maximum at each positive 
ion, ami is at a minimum between them. In such a case, tlie solu- 
tion of the wave equation leads to a remarkable result. It emeiges 
that the energy of the electrons cannot assume any value from 
zero to E,nas, but there are certain discontinuities or l.ands of for- 
bidden energies. Between these are bands of permitted energy 
values. 

The origin of this allocation of energies lies in tlie wave nature 
of the electron, since — as was discussed in Cliapter I this imjilies 
that the electron density is not localized in a linear orl)it ; the radial 
distribution function fulls off roughly exponentially to nolhmg, but 
has an appreciable value outside the ‘ classical ’ radius of tlie atom. 
For an s electron, the electron density di.stribution is spliencally 
symmetrical. There is thus a certain overlap betwcK-n the wave 
functions of the outer electrons of the closely adjacent atoms in a 
crystal lattice. The application of the Pauli principle bring.s as its 
consequence that whereas for an Isolated atom the state of an 
electron {other than its spin) is uniquely jiarticularizcd by its three 
quantum numbers, in the crystal each quantuvx stale of the electrons 
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of the isolated atom is replaced by a band of permitted electronic 
states. As has been indicated, the breadth of the band depends 
on the amount of overlap between the wave functions, so that for 
the inner electrons of the constituent atoms the breadth of the band 
is extremely small — for the K. electrons of sodium, for example, the 
spread of energies amounts to only about 2 X 10 e.v. The inner 
electrons — e.g. the K electrons— therefore have essentially the same 
energy that they would possess in the isolated atoms. For the 
outermost (valency) electrons, however, the overlap is great, so 
that the single valency electron of sodium, which has, in the isolated 
sodium atom, an energy defined completely by its quantum state 
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(;i.d, oci-upies in ihe crystal of metallic sodium some one of the 
manv verv closely-spaced energy values permitted within the 
corresponding Its' cnergg band. Within each energy band the per- 
mitted energies do iu*t actuallv vary contiuuouslv, but except 
where assemblages <»f very few atoms are cuiicerneil, the spacing 
is extremelv close. For crystals of finite size, the energy increment 
from one value to the next (within a band) is inappreciable. Each 
energv band corresponds, in principle, to one quantum level of an 
isolated atom, and the bunds cff forbidden energies corre.spond to 
the, jumjjs in energs' from one quantum state to the next. The 
relation betwt'en the energy levels in the isolated atom of copper, 
and in copper metal, are illustrated diagrammatically in Fig. 58. 

Briilouiti Zones. --The relationship between the permitted 
energies <)f electrous in a metal and the regular periodicity of the 



METALS AND INTERMETALLIC COMPOUNDS 


447 


crystal lattice through which they move can be expressed i" 
wav The wave mechanical nature of the electron implies that with 
an electron of energy E is associated a wave-length A or, its reciprocal 
a wave number k (cj. Chap. V, electron diffraction). Since th^e 
electron is moving in a certain direction, this is the direction of 
propagation of the corresponding wave packet ; A is a vector 
quantity, therefore, and it characterizes both the energy and the 
direction of motion of the electron. For any particular direction 
of motion of electrons, there must be certam values of k correspond 
ing to electron wave-lengths which satisfy the Bragg condition for 
reflection from certain planes within the crystal— exactly as in th 
diffraction of electrons impinging on the crystal lattice from _ 

Electrons with energies defined by these wave numbers «mnot move 
freely through the crystal, so that these states are forbidden to 
electrons moving in that direction. The sum total of all the 
k states differing in their energy and in their direction of propaga- 
tion whicrcaii L occupied without involving any large increnicn 
of energy, is known as a BHlloum zone. The relation of he 
Brilloui^^zoiies to the crystal structure canimt be discussed witUm 
tiie scone of this book ; in brief, it follows from the way in which 
the liinding values of k have been defined that they are direttly 
related to the crystallographer’s theoretical concept of the reciprocal 
"of the ciystal. ^Qualitatively, this means that for each type 

of structure thcLinher of electrons jicr atom 

in the lowest Brilloiiin zone can he determined If we 'c <>t 

electrons as being fed successively into a metallic crystal lattice, 
the electrons take up successively the electronic states within the 
fimt Brmouin‘zone, Eventually, when all these states are don li y 
occunied the zone is full, and any more elcctr()n.s added must ciiti 
a second Brillouin zone, separated from the first by an energy 

'^TeforrUie first zone is full, however, the theory shows that a 
stage is reached at which the energy of the e ectrons > 

incLse rapidly as succe.ssive states are occupied ^ 

which proves to he significant for the uiiderstanding 'f ^ 

Kotherv relations : it marks the [loint at which the tcii.li iii.> 
appears^ for the electrons to overflow into a second Brillouin /.one 
ff 'as may happen, the lowest .states of this zone have energies 
lower tlian those of the highest states in the first zone -Mtern.a- 
tivelv the crystal lattice itself may unacrt;o cUan-'o into a 
provhiing more electronic states per atom withm 
zone. It is the latter phenomenon winch hrm^^ about the chai.u. 

tcriHtic succession of phases in binary a oys. In 

Metallic Conduction and Metallic Paramafenetism.-ln 
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concluding this section it is of interest to discuss in the Hght of 
the theor 3 ' outUned above two of the most characteristic properties 
of metals : their electrical conductivity and magnetic properties. 

The conduction of electricity through metals is due to the move- 
ment of electrons through the crj'stal lattice, and is dependent on 
the possibility of such unidirectional movement under the electrical 
field gradient. The essential difference between conductors and 
insulators must therefore lie in the availability of the electrons 
for conduction. It is not that in insulators the electrons are 
intrinsicallv so much more tightly bound as to be unable to migrate, 
since such differences could not account for the enormous range 
covered by electrical conductivities— for example, the factor of 
I 02 i between the conductivities of silver and fused silica. The 
essential is rather that it is only the electrons in singly occupied 
fitatcs— j.c. in incompletely filled bands — which can transport 
current. In a filled band the Pauli principle requires that the 
movement of any one electron must be compensated by the opposed 
movement of its partner in the level that it occupies, so that there 
is no nett transport of current. 

It follow.s that an insulator is a solid in which every band that 
is occupied at all is completely filled. If, on the other hand, there 
is an incompletely filled Brillouin zone, the crystal must display 
metallic conductivity. The reason that the liighest electrical con- 
ductivitv is displayed by the univalent metals copper, silver and 
gold is then at once <'omprehensible. For A atoms, the first 
Brillouin zone of their cubic crystals is capable of holding 2x\ 
(‘lectrons, but actualh’ contains onlv A' valency electrons. The 
c()nditu)n is that represented in Fig. D9a. The div’alent metals, 
on the other hand, possess just enough electrons to fill the first 
Ih'illouin zone, so that if that zone alone were occupied, the metals 
would nut conduct electricity. Since these metals are conductors, 
the second Brillouin zone must overlap the first (Fig. 59b), so that 
tliere ar<* unpaired electrons available for conduction. Their 
number, li ' A'-ver, is in general less than with univalent metals, so 
that the divalent metals (alkaline earths, zinc, cadmium, etc.) are 
not such good coiuluctors as are coj>per. silver, gold or the alkalis. 

The case of the tliamond structure is of interest here. The 


theorv shows that the first Ih-illouin zone can hold four electrons 


]ier atom. The diamond 
t hose elenuuits carbon. 


.structure is, however, t.akeu up just 
silicon, gt'rmanium and grev tin — which 


ha\e four valencv (‘lectrons extericu to a closed electronic shell. 


T'he Brillouin zone is therefore just full, and since the next zone 
li<-s espcciallv for diamond and silicon — at considerably higher 
encrgic.s, these substances are perfect insulators, or semi-conductors 
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(case D, below). Similar considerations apply to certain inter- 
metallic and metalloidal compounds— Mg^Sn, MgaPb, MgobJ, MgjOe, 
Li«S Cu,S, Be-C. These all crystallize in the fluorspar structure 
which should enable the first Brillouin zone to accommodate 8/3 
electrons per atom. Since this is the electron : atom ratio m all 
these compounds, the first Brilloum zone is ]ust filled, and the 
crystalline substances should be insulators. They are. in fact, 
either insulators or semi-conductors. The molten compoun . 
however, in which the ordered crystal structure giving rise to the 
particular zone relationship is broken down, are good conductors. 




Fio. 5U. 


One more pos.sible disposition of the Brillouin zones remains tor 
consideration-that leading to the iiiL^restuig proi>erty of senn- 
conductivity already referred to. If the ir.st zone is just lilled. 
while the secoinl Brillouin zone, altliougli not ovei lapping, lit.s 
very close to it. little energy is required to transport an electron 
acrL the gap into tlie second zone. Such an energy increment 
may be supplied as thermal energy, or by the aUsorption of light. 
At the absolute zero, all the electrons are ni t he lowest poss.blc 
states (Fig. 59c) ; the first zone is completely filled ami the .subst.iin.i 
is an insulator. At higher temperatures, the theiinal energy can 
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promote some electrons to tlie next higher zone (Fig. 69 d), with the 
result that the material shows a small conductivity which increases 
with rise of temperature. Where the absorption of a quantum of 
light may similarly promote an electron, the phenomenon of photo- 
conductivity is displayed, as in the cases of selenium and cuprous 
oxide. 

The increase of conductivity with rise of temperature shown by 
semi-conductors is the opposite of the effect shown by metallic 
conductors. A perfect metallic lattice would have no resistance, 
since the resistance, according to the modem theory of metals, 
represents the scattering of electrons by imperfections in the crystal 
lattice. Since the thermal agitation of the atoms is largely con- 
tributive to this scattering, the effect must increase, and therefore 
the resistance must rise, as the temperature is raised. It is charac- 
teristic of metallic conductors that the specific resistance is a linear 
function of temperature. 

Metallic Paramagnetism. — It has been explained in Chapter 
V that the magnetic susceptibility of the ions of the transition 
metals, which contain one or more unpaired electrons, is given by 



where /<, the magnetic moment, is related to the total resultant 

spin, S, by the expression u = -f- 1), in which e and rn 

2nmc 

represent the electronic charge and mass, respectively. Ionic 
paramagnetism therefore varies inversely with the temperature. 

The allvali and alkaline earth metals, as also copper, silver, gold, 
magnesium, aluminium, the refractory carbides {e.g. TiC, VC) and 
nitrides, etc., possess a paramagnetism which is notable for its 
feebleness and its independence of temperature. Since the ionic 
cores of the : . *^ilB, consisting only of completed shells, are dia- 
magnetic, the ]iarainagncti.«!m must be attributed to the conduction 
electrons. Such magnetic properties follow from the theory of 
metals developed above. 

Since each doiddy occupied electronic state possesses zero resultant 
angular momcntvim, only the singly occupied states — i.e. the upper- 
imst, unpaired electrons in incomplete Brillouin zones — can con- 
.ribute to the paramagnetism. If the energy at the upper limit 
of the Brillouin zone is equivalent to the thermal energy at a 
temperature 7\. aiul the maximum energy of the occupied states 
at the al).solut<‘ zero corresponds to a temperature '1\, then 
is known as the Fermi limiting temperature, Tq ; 2'q may be very 
large in magnitude — e.g. 6400® for silver. At any temperature, 
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T {T being small compared with Tq), approximately — of tlie eloc- 


T 


0 


troDs occupy excited states, i.e. states with an energy greater than 

T^. Each of these electrons will contribute an amount to the 

total paramagnetism, where is the magnetic moment of the 
electron (see above). The total paramagnetism of the conduction 

u ^ T \i/ ■ 

electrons is then or which is independent of 

temperature. 

The transition metals are marked by a much larger paramag- 
netism which, in the first transition series, develops into ferro- 
magnetism. This high paramagnetism, which is associated with 
the incomplete d shells of these atoms, is of interest in its bearing 
on the question of alloys and mtermetallic compountls. It has 
already been mentioned that the nickel atom, for example, may 
possess in the lattice any one of the configurations 'MHs-, 
or 3d*®. It is clear that each electron promoted from the 3d to 
the 4s level leaves a ‘ positive hole ’ in the d shell, which con- 
tributes to the paramagnetism of the ion. In the case of nickel 
and palladium there is evidence that there are, stati.stically, about 
0-6 unoccupied d states, or 0-C electrons per atom in the 6- states. 

In alloy systems of these inetaLs, the magnetism may be reckone«l 
directly from the resultant number of jwsitive holes in the para- 
magnetic core. Thus, in copper-nickel alloys, the components 
form a complete series of mixed crystals. The progressive replaci'- 
ment of nickel (Z = 28) by copper (Z = 29) therefore c«)nsists 
e,ssentially in the addition of elcctron.s to tlic crystal lattice. These 
electrons go, for energetic reasoiLS, for the most part into the </ 
band, a.s long as there are any ‘ positive h<des ’ in it to be lillfd 
up. With the comjjosition 00 j>er cent Cu -p 40 per cent Ni. 
O'C electron per atom has been a<lde(l to the lattice. TIkj (/ hand 
should therefore be full at this ])oint, and the parumagnelisni should 
disappear. In accordance with tlii.s, the [)arannignetism of nickel- 
copper alloys does fall linearly with increasing copper content, and 
may be extrapolated to zero at about GO [)er cent of copper, althougii 
a complete neutralization of the original paramagnetism is not 
achieved in practice. Alloys of nickel with zinc (Z - 30), whereby 
two electrons are added f)er atom of zinc introduced, sliow a corn-s- 
pondingly steeper decline in HU.sceptil>ility, whereas any increase in 
the number of ‘ positive holes ’ in the d hand, by alloying with 
cobalt or iron, increases the paramagnetism. 

It is of particular iiit<?rest that tlie same reasoning can be upplit^d 
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to the constitution of the palladium-hydrogen system. The para- 
magnetic susceptibility of ‘ palladium hydride * falls linearly with 
the amount of hydrogen absorbed, and finally disappears when 
the hydrogen taken up exceeds about 0-6 atom per atom of pal- 
ladium. As already stated, there are kno'svn to be about 0*55-0*6 
‘ positive holes ’ per atom in the d band of palladium. The change 
of susceptibility on absorption of hydrogen shows that, for each 
atom of hydrogen added, the electron goes into the d band, while 
the hydrogen enters the lattice as a hydrogen ion. A new light 
is thereby shed upon the old problem of the constitution of pal- 
ladium hydride ’ ; Nthe question whether the compound is salt-Uke or 
homopolar in character is no longer relevant, and the absorption com- ^ 
plex falls into place, on the evidence cited, as a typical alloy system. ^ 

The Pauling Theory of Metals. — The Bloch-Sommerfeld 
theory just outlined can be compared with the molecular orbital 
treatment of simple molecules, in that the electrons are regarded 
as belonging collectively to all the atoms in the metallic crystal. 

In the discussion of simple molecules, an alternative approach — the 
Hcitler-London concept of electron pair bonds and exchange forces 
— is often more useful. According to this, a polyatomic molecule 
can be constructed by considering only the overlap of wave func- 
tions {i.e. the sharing of electrons) between individual pairs of atoms, 
constituting a system of localized bonds, except in so far as resonance 
muv be possible. Pauling •* has sought to apply the same treatment 
to the problems of the metallic state. In principle, both approaches 
should be applicable to any system of atoms and bonds, and should 
b(‘ complementary. In fact, the collective electron model lends itself 
far more to a precise treatment of the problems of metal physics, 
although a number of suggestive ideas have come out of Pauling’s 
work. 

As has been pointed out, the number of nearest neighbours (the 
co-ordinati(ui number) of every atom in a metal exceeds the number 
of valence electrons. Whilst this precludes the formation of 
localized bonds, Pauling supposes that resonance occurs, normal 
covalcncies resonating between all the possible equivalent pairs of 
atoms. As was irulicated earlier (Chapter III), the weighting of the 
l anonical states is such that only bonds between directly neigh- 
bouring atoms are important. This implies that if an atom with 
:: valence electrons has the co-ordination number N, each bond 
fornuHl has an average bond order n = z/N. The alkali metals, with 
one valence electron, crystallizing in the body-centred cubic struc- 
ture, give to each atom eight nearest neighbours and six others 

* VIu/s. Review, 1938, 54, 899 ; J. Amer. Chejn. Soc., 1947, 69, 542 ; Proc. 
Roy. 8oc., 1949, A, 196, 343. 
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almost as close, so that the bonds between the atoms are weak 
bonds, of order n = ^ or less. The strength of the interatomic 
bonding directly determines the cohesive properties of the metal— 
e.g. its hardness and melting-point j furthermore, as is kno^vn from 
the lengths of the C— C bonds between singly, doubly and triply 
bonded carbon atoms, the effective diameter of a covalently bound 
atom varies directly with^the bond order. That the alkali metals 
are soft, low melting and the least dense of the metals follows, 
accordingly, from the weakness of the bonds responsible for their 
cohesion. Pauling has sought, conversely, to work out the order 
of bonds, and therefore the distribution of electron density, from 
the observed interatomic distances in elements and alloys. How- 
ever, the corrections which must be applied for the variation of 
atomic radius with co-ordination number and with bond order are 
purely empirical, so that it is not clear how much significance 
attaches to conclusions drawn from reasoning of this kind. 

We inay consider tlie resonance model for an alkali metal, such 
as sodium. The 3s valence electron of each atom can form a 
covalcncy with a neighbouring atom in the cry.‘^tal lattice (I), and 
these bonds resonate around all equivalent pairs of atoms (II). In 
so far as only the one (3s) wave function is available for bonding no 
atom can form two bonds simultaneously, and the resonance switch 
has to be synchronous for all bonds. That sodium atoms can form 
covalencics by sharing 3s electrons is attested by the existence of the 
Na, molecule in sodium vapour ; its energy levels and di.ssociatioii 
energy arc well known from spectroscopic data. A comparison ot 
its dissociation energy with the energy of sublimation of metallic 
sodium (per pair of Na atoms) gives a measure of the resonance 
energy of the bond system in the metal, and this proves to bo larger 
than can be accounted for in terms of the number of distinguishable 
configurations allowed by synchronized resonance of bonds. It 
could be accounted for if resonance were completely random ; tlii.s 
would bring with it the corollary that at any instant a proportion 
of the atoms must form two covalencics and, to do so, must accept 
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more electrons than can be accommodated in the 3s orbital (III). 
Pauling considers that the availability of an extra orbital for the 
acceptance of electrons in this manner is a necessary condition for 
the formation of a metallic structure. In the case of sodium, such 
a vacant orbital is available if the bonding arises from [3 s3;j] hybrid 
orbitals, and not from the pure 3s orbital of the ground state of 


the atoms. 

Pauling’s idea that hybrid orbitals play a part in the metallic 
bond is important. It provides a connexion between the tj-pical 
features of the general chemistry of the transition metals and their 
distinctive metallic properties. In each long period of the Periodic 
Classification the atomic radius decreases sharply from Group I to 
Group \'I, is usiudlv sensibl}’' constant between Group VI and the 
coinage metals, and then increases. The harilness and melting- 
points follow a converse trend, the cohesion being at its ma.xirnum 
about Grouji VI. In Pauling’s \dew, all nine s, p and d orbitals 
of the transition metals {e.g. 3cP4s4;>=* in the first long period) are 
involved in the metallic bond, being di\nded into three sets ; 
(i) a hybridized [d'^s p®j group of bonding orbitals, essentially similar 
to the octohedral orbitals, with their strong bonding proper- 

ties, used in co-ordination compounds ; (ii) a group of ni pure d 
orbitals, witli no bonding properties, localized within the atom ; 
aiul (iii) vacant metallic orbitals, 5 — {ni + n) in number, which 
ar«‘ necessarv, ns explained above, for metallic resonance to occur. 
Onlv the m atomic orbitals contribute to the paramagnetism of the 
tran.'<iti<ni metals, and Pauling has endeavoured to determine m from 
the mn^in'tic ])ro]>erties of the transition metals in alloys. Both 
m. and n may 1)«‘ fractional numbers {c.g. for iron Pauling assigns 
-5-7'S biindiiiLi orliitals, 2‘44 atomic orbitals and 0‘78 metallic orbitals), 
which means only that the atoms must be present in two or more 
valence stati’s. Oth(*r evidence for this has long been extant — e.g. 
the com]>lcx st. . {ur<‘ of a-manganese, and the atomic volumes and 
magnetic su>ccptlbilities of the rare earth metals.® The latter 
indicate that, in cerium, about 80 per cent of the atoms are present 
a;. .and 20 per cent as Ce‘’ ; in samarium, 20 per cent as 

. ‘•n-- and 80 per cent as Sm® In the first transition series, the 
•.'.iiabcr of hon.ling electrons increases progressively from 1 in 
ootn<-'ium to 5 in vanadium ; with chromium the bonding orbitals 
arc nil singlv occujuetl, and occiipation of the atomic orbitals com- 
mences. 'file cohesit)!! is then a maximum ; paramagnetism appears 
and reaches its maximum value with iron, when all the atomic 


orbitals are singlv ocfuipied. 'fhe aoct 
jiroibut's first, in <‘obalt anil nickel, si 


‘s.sion of aflditional electrons 
decrease of paran^agnetism 


“ W. Kleimn amf H. lif>niin*‘r. Z. atumj. Clicm., 1937, 231, 


13S. 
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as singly occupied atomic orbitals become paired up, and then, 
commencing with copper, a decrease in tbe number of singly occu- 
pied orbitals available for bond formation. The metallic valencies 
of 4-5 and 3-5 so deduced for zinc and gallium respectively, though 
formally unorthodox, have been showm to be compatible with other 
data ie.g. on electron compounds, see below, p. 464). At this stage 
all d orbitals arc filled ; the properties of germanium invoK^e only 
hybrid orbitals, and metaUic character diminishes sharply. 

PauUng’s interpretation of the constitution of obser>'cd metallic 
structures may be illustrated by two examples. Three possible 
electronic conBgurations might be assigned to the atom of (in, 
utilizing only id. 5s and 5p orbitals. These may be diagram- 
matically represented as SnA, SnB and SnC : 
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Atoms with the configuration an.-v couiu lum. 

rsp3] orbitals, capable of forming four covalent bonds and building 
up a crystal lattice with the diamond structure. As the number ot 
vilence electrons i-xactly sufliees for this, with no vacant metallic 
orbital, they could not form a structure with mobile, electiims ami 
metallic properties. This correctly describes the behaviour ot 
silicon, with the structure, and is roughly true for gray tm 

Atoms with the. configuration SiiG would bo uou-boudliig, but the 
bivalent tin atoms Snli would possess the vacant orbital reipirs.te 
for metallic bonding. Pauling suggests that bnl! predommatc.s i 
white tin. This allot rope has a tetragonal strimtiire of low < - 

ation number, and not the crystal structure of a true metal, Lai li 
atom has four neigliboiirs at a distance of 3 010 A. m its oun plane, 
and two at 3175 A. in adjacent planes. If -as 1 auling li.is po. I u 
latcd without any clear justification— bonds of rational 
favoured in respect of stability, it may be inferred that eiuli atom 
forms four bon.ls of order J in the basal plane and tiy<> bonds ot 
order i to atoms in tlio next plane of the structure 1 l.is linjdie.s 
an avLgo valency of 2 - 5 , due to tbe p.c.se.iee of eonfigiirations 

SnA and SnB in the ratio 1:3. . , i • . 4 . *1 « 

Zinc, altliough a hexagonal metal, is not ideal in structure , the 
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axial ratio c/a — 1*856, whereas that for close packing of atoms 
would be 1*633. Each zinc atom has, in consequence, six neighbours 
in the same plane, at 2*660 A., and six in adjacent planes, at 2*907 a. 
These bond lengths correspond to the formation of six bonds of 
order ^ and six bonds of order as leading (in Pauling’s \new) to 
greater stability than the formation of twelve bonds of order -f. 
The total valency, 4*5, is attributable to zinc atoms with the two 
configurations ZnA and ZnB. On the orthodox view only the 
configuration ZnC would be considered. 
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Pauling’s theory is useful in its correlation of the metallic proper- 
ties of the elements with the valence theory found adequate to treat 
general chemical problems. It provides a profitable, though 
essentially qualitative, of looking at a number of problems 

in the chemistry of intermetallic compounds, and will be used from 
this standpoint from time to time in the following sections of this 
chapter. 

Solid Solutions, Superstructures, and Intermetallic Com- 
pounds. -^The criteria defining the status of an intermetallic com- 
pound are much less clear than for simple ionic compounds. This 
is, in part, a consequence of the mutual interchangeability of atoms 
in metals, 'i’hus the atoms in a crystal of silver may be replaced 
by atoms of gold, forming a mixed crystal or solid solution of gold 
and silver. If tlic similarity between the atoms is close enough, as 
in the instance cited, miscibility may be complete ; there is a 
complete range of solid solutions having any composition from 
1,00 per cent Ag to 100 per cent Au, ^vithout the appearance of 
any new phase. In other cases, solid solutions may be stable only 
over a narrow range of compositions. One essential difference 
between metallic sj'stems and ionic crystals may be emphasized. 
In au ionic compound MX, every ion is normally surrounded by 
ions of opposite charge, so that if an X“ ion were to be replaced 
by an M+ ion, strong electrostatic repulsions would arise. In a 
solid solution of two metals A and B, both elements may be thought 
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of as present in the form of positive ions, embedded in an electron 
gas. Although the replacement of an atom of A by an atom of B 
may disturb the packing in the crystal lattice, or locally change the 
electron density distribution, no strong electrostatic effects are 
introduced. 

The random, atom for atom replacement of one element by 
another gives rise to substilutiounl solid solutions, as represented 
schematically in Fig. 60 (c). Solid solutions can also be produced 
by incorporating atoms of the solute element between the atoms 
of the main constituent ; in general this can happen only when the 
two species of atoms differ markedly in effective size, hitcrstitial 
solid solutions of this {Fig. 60(6)) are of importance in the 

compounds of boron, carbon, etc., with the heavy metals, as is 

discussed in the next chapter. r , 

Where two metals do not form a continuous range of solid solu- 
tions, one or more intermediate phases, differing in crystal structure 
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from the component elements, may be formeil. In these, as in 
simple solid solutions, it may be possible for the two sorts of atoms 
to be distributed quite at random over the lattice sites ^iis i.s the 
case, for example, in the body-centred cubic ^-[dia.se, (. u/n. of tlie 
copper-zinc system, above 47U". When this is annealed at l..wer 
temperatures, an ordering process sets in ; the copper and zme 
atoms take up positions corresponding to the cirsium chloride 
structure, so that each copper atom has only zme atoms as 
neighbours, and vice versa. A superlaltice is thereby lormec J be 
relation between the ramloin structure ami the suiierla tice is 
shown schematicallv by Fig. 00 (c) and (d). I he onler-ibsor.ler 
transition is a phase change of the second order, as.sociated not xuth 
a latent heat, but with an enhanced specilic Imat, and taking place 
over a wide range of temperature. Such order-disorder changes arc 
found to occur both in intermediate phases (as m ^-bra.s.s) and in 
solid solutions of the elements (e.g. CugAu). 
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Although the formation of substitutional solid solutions is of 
common occurrence, some intermetallic phases have compositions 
as uniquely limited as those of ionic compounds. In such cases, 
the assignment of a formula to the phase presents no difficulty. 
Where an intermediate phase exists over a range of compositions, 
it is still possible, in principle, to assign to it a chemical formula, 
based on the number of atoms of each sort which would be con- 
tained in the unit cell of the structure, if no mutual replacement or 
other defects of order occurred. Not only may tffis represent a 
considerable idealization of the analytical facts, in the case of 
j)hases with a wide range of stability, but the ideal composition 
may even lie outside the range of existence of the phase. Thus, 
in the sodium-lead system, the compound NaPbg actually exists as 
alloys havinsi any composition in the range 27—35 atoms per cent 
of sodium ; from 4 to 0 per cent of the lead atoms are invariably 
replaced by sodium.® The stoichiometric compound cannot be 
obtained, and the maximum melting-point in the phase diagram 
is found for an alloy approximating to Na^Pb^, the formula formerly 
assigned to the i)hase on the evidence of thermal analysis alone. 

The (“hemistry of intermetallic compounds is but one section of 
a completely general theme — the mutual relationships of the 
chemical elements. That two elements should unite through 
metallic bonding, rather than by forming an ionic or simple covalent 
compound, is determined by the interplay of a number of fiictors, 
which varv continuously and regularly with the electronic structures 
of tin* atoms, as summarized in the Periodic Classification. At the 
one cxtrt*mc, involving elements of widely differing electrochemical 
propi rtics (ionization potentials, electron affinities), electron trans- 
l’crcnc(* takes j)laei‘, and ionic compounds result. If both elements 
liave a high < '• > tron allinity, normal covalent compounds may be 
formed. Ih adlv speaking, metallic compounds are formed by the 
combination « f atoms of low electron affinity. 

It is of partu-nlar i!\terest to enquire under what circumstances 
a transition of hond type occurs, and how the properties, structure 
and composition of the binary coinpoxinds of the elements are related 
to the (‘leetronic configurations of the components. It is convenient 
to distinguish Three rough classes of elements : those, of the B sub- 
groups. with complete d levels, the very strongly electropositive 
mt'tals 1 2 |)lac es following the inert gases, with very low ionization 
potentials (tlie alkalis, alkaline earths and also the rare earth 
elements), and the transition metals, truly metallic, but with 
part iallv liilc.l d levels. Distinguishing these classes by the symbols 
/h .1/ and T respect ivelv, the chemical relationships between them 


^ 12 Zinll anti A. Harder. Z. phi/s. Chan.. 1931. A. 154, 03. 
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mi"lit be systematically divided into systems of the typos MM , 
MB MT, XT', TB and BB'. Between these there is a continuous 
transition’, and not all these classes present features of special 

interest for this chapter. , ^ j 

The Transition between Ionic and Metallic Compounds. 

Class MB —The question whether the transition between one type 
of compound and the other is gradual or abrupt has been studied by 
Zintl ’ and his co-workers, by examimng the compounds formed bx 
one and the same class M element with a senes of elements stretching 
across the Periodic Table. The coinpoumls formed between the 
alkali metals, lithium and sodium, and by magnesium, witl. the 
elements of the B sub-groups are summarised m Tables 1 and 
It is evident that, combined with a highly electropositive element, 
the elements standing from one to three places before an "Hnt gas 
give rise to compounds formnlated according to the normal valoncv 
rules, and having the structures typical of salt-hke compoiinds 
The elements five to seven places from the inert gases, on tin, other 
hand form a multiplicity of compounds. Between tliese tun 
classes, the elements of Group IVn constitute .some measure of 
transition, since although many of the compounds are 
accordin.. to the valency rules (Mg^Pb, Li», even these luxe the 
physical proiierties of poor metals. Ncvertlielcss, as xxill be seen 
LL them is some evidence for some measure of lietcropolar 
character even in the alloy phases formed by the elemcnt.s of the 

“Tabled r'and 2“cmpliasize that in the intcrmctallic comiiounds 
there is no necessary and simple connexion lietxvecli t he form ii a. 
and any one of the variables (c.r/. the valency) cliaiuctci i/.mg the 
components. There is evidence for the frequent re< iii ienee ol eer- 
tain »(r»c«»re.v, some relatively simple, such as the .l//f, » ™ 

NaPlq, CaPli,, BaPlr,, LaPb,, others eoniplex. 

deterinine the foriniilin of the ecmpoun.ls, especially xxli i the 
relative sizes of the atoms fulfil certain geoiiietncal condil ions, 
^ms xvitTatoms X, Y such that r, = about l '2,br,, it is frei.iieiit Iv 
found that a compound XY, exists, having a structure typical of 

one or other of thi so-calle,l Laves phases^- ^e'lVs'l'T's m 1 
this structure are marked with an asterisk in ^ ^ 

The relative electropositivity and the valency of the atmi is X an I 
are of subordinate importance (though at Iciest one cKmien s „ 
or close to, the class M), and compounds dilfering .is xxidi h as 
KNa„ KBi, and ZrW, are all Laves phases. No common factor 

> Ar,tr^. Chnn.. 1939, 52, 1, .'Jer the Zintl Memorial .t-liln-ss. II. r.. 

O.”;! K. Seiiulz.-, Z. Khllrochcm., 1939, 45, H(19. 
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Table 1 


Compounds of Lithium and Sodium unth B Sub-group Elements 
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Table 2 

Transition from Salt Type to Iniermelallic Compound in Magnesium Compounds 
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except the geometric is discernible here. On tlie other hand, some 
intermetallic phases have complex structure.s. with many atonts m 
the unit cell-e.^/. with 58 atoms in the unit cell liavmg 

the same structure as a-Mn and a-Cr. The formation of phaso.s 
such as this can clearly not be explained on a geometrical basis, 
and there is, in fact, no easy generalization covering the combining 

proportions of the metaU with each oth<?r. , , , ,, m 1 1 o 

Compouiuls of base metals with each other. CUiss d/di .— rabies 3 
and 4 illustrate the behaviour of pairs of metals ot similar, high 
electropositivity. In any one family, the factor of atoimc size is 
likely to determine the phases formed ; m the relations of Group I 
metals with Group II metals, the electron : atom ratio is probably 
more important. Where, as with K-Rb, K-Cs. the radii of the 
atoms differ by not more than about 10-15 per cent, .solid solution 
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occurs. The radius ratio r^a - about 1-26. This is too Wge 
to permit of appreciable miscibiUty in the soUd state, but appropriate 
for the formation of a Laves phase. Lithium occupies a somewhat 


Table 3 


1 

Na 

A 

K 

Rb 

Ca 

Mg 

Ca 

Al 

Li 

W 

p. misc* 

1 

1 

not misc. 

not misc. ' 

not misc. 

misc. 

LiMg^ 

1 

misc. 

Li*Ca* 

1 

misc. 

T.ijAl 

LiAl 

1 

Na 

1 ^ ^ ^ 

1 

misc. 

Na*K* 

misc. 

I_ “ 

misc* 

Na^Cs 

^ p. disc. 
_ 1 

p. misc. 1 

1 

1 

p* miso* 

K 



misc. 

s.s. 

misc* 

3*6* 

p* misc* 

not misc. 

p« misc* 


Misc. =» miscible, p. misc. = partly miscible, not misc. = immiscible in 
liquid state. 

s.s. = form solid solutions. 


Table 4 


j Ca Sr ^ Ba 

\ 

Al 

La 

. • 

' Me MgaCa* MfoSr MfoBa 

Mg4Sr Mg4Ba , 

Mg*Sr* MgjBa* 

MgiiAli, 

MgAl 

MgsAl, 

1 

1 

Mg,La 

Mg,La* 

MgLa 

MgLa* 

solid soln solid soln 

1 

CaAJg* 

CaAl, 

1 

1 

1 

1 

1 

1 

1 

1 gj. solid soln 

i SrAl 
; SrAl, 

1 

• i 

\ 

. \ 

i 

Al 

i * • * • • m 

i 

Al^La 

Al,La* 

AlLa 

1 


anomalous position, in being immiscible with the other alkahs, even 
in the liquid state. The faculty of the bivalent and trivalent 
elements for combining amongst themselves is to be contrasted with 
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the behaviour of the alkalis. It can be correlated with their higher 
melting-points (stronger cohesive forces) and lower electrical con- 
ductivity, as the consequence of their higher ratio of electrons : atoms 
and the stronger interaction between the multivalent atoms and the 
surrounding electron gas. 

Classes TM, TT\ TB . — Table 5 shows the compounds formed by 


Table 5 


• 

u 

//A 

1 

///A 

/Fa 

Ta 

vu 

r/fA 


Cu 

1 

1 

Cn*Ca ^ 
CuCa, 

CuLa 
Cu^La ' 

CujLa 1 

Cu4La 

CujTi 

CuTi, 

1 




Zn ; 

KZni, ^ 

ZnCa* ! 
ZnCa I 
Zn4Ca 
ZnioCa 1 

i 

ZnTi 

Zn,Ti 

1 



Zn^Mn 

Zn;Mn 

FfsZn,, 

FoZn, 

Fo 1 
1 

i 

1 


AljFo 
AUFoj ' 
AljFo 
AlFo 
AlFc, 

Fe/ri 

FoTi 

8.8. 

FeV 

FeC'r 

8.8. 

FcMn 


1 

1 


1 

Hu 

///u 

nil 

yi\ 

r/ii 

Cu 

* 

CujRh 

CuKh 

CuRhj 

1 

1 

' Cu,lM 
CulM 

1 — 

CuZn, 

CU4Z11, 

CuZn 

(?U/lU4 

CujOa 

Cu4Sn5 

CujSii 

CujjSne 

CujAs 

(Vl2S.' 

CuSe 

Zn 

i 

4 

! 

COfrZn,, 

NijZn,, 

NiZn 

ZiijCu 

ZrijCu, 

' ZubC'Uj 

1 ZnCu 

I 

1 

1 


Zn^Asg 

ZnAy, 

ZiiSc 

1 

! Fo 

fl.H. 

S.H. 

FcNi, 

1 

1 

1 

ZnjFo 

Zn„Fe3 

ZiijaFc 

f 

* 

1 

1 FfjSii 

FeSn 

FiSn, 

Fi-.Ah 

Fc'jAs, 

F0A8 

F0A82 

F«'St' 


iron (with partly fille<l d levels), copper (at the end of the transitjon 
series) and zinc, for comparison with Tables 3 and 4. It is charac- 
teristic of the transition metals proper that they form neither com- 
pounds nor solid solutions with the alkalis and alkaline earths, but 
are completely miscible with the elements in the centre of the long 
periods. Superstructure phases may be formerl from these solid 
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solutions, and the phases FeV, FeCr, FeNio are in this category. In 
terms of Pauling’s theory, the valency is practically constant 
between vanadium or chromium and nickel, only a change in the 
population of the unshared atomic orbitals taking place. Since, in 
addition, the atomic radius changes but little, this sequence of 
elements fulfils the conditions requisite for facile solid solution. 

Tables 1, 2 and 3 show that it is characteristic of the metals of 
the B sub-groups that they form a large number of compounds, both 
with the most electropositive metals and with the transition metals. 
With the former, the compounds tend to have relatively narrow 
ranges of composition. In their compounds with each other 
(tj^pe BB’) and with the transition metals it is common for the 
intermediate phases to possess very wide ranges of homogeneity. 
Amongst the intermetallic compounds in the last class (type TB) 
are a number for which, as was first perceived by Hume-Rothery, 
the formulaj and structures are determined by the ratio of the 
number of valency electrons to the total number of atoms of both 
kinds. The principle involved here is different from that deter- 
mining the composition of heteropolar compounds, and the 
iin])ortance of these ‘ electron compounds ’ is such as to warrant 
a more detailed con.sifleration. 

The Succession of Hume-Rothery Phases. — It is character- 
istic of a number of these TB alloy systems, and especially those of 
copper and silver with aluiuinium and the metals of Groups IIB and 
IllB, that whilst the intermediate phases differ widely in comjjo&iiion 
from one system to another, certain structures arc encountered, in 
numorou.s systems and in the same sequence, when the composition 
of the alloys is progressively changed. 

If two metals of (lifferent valency — e.g. copper with valency one, 
and zinc with vah-ney two — form an extensive range of .solid solu- 
tions. the ('iVeet of changing the composition of the sj'stem, replacing 
coj>per atoms l)v zinc atoms, is essentially to change the concentra- 
tion of vid -ncy electrons. The solid solution phase may tolerate 
witliin a < «Ttain limit changes in the ratio of valence electrons to 
atoms. If this limit is exceede<l. another structure may become 
more stable, and a new phase appears. In the alloy systems con- 
forming with IIume-Rotliery's rules, when the metal of higher 
valencv is added in increasing proportions to the metal of lower 
valencv there is formed a succession of intermediate phases, notably 
certain ]>hases haviitg the same crystal structure and recurring in 

manv binarv svstems. 

• « • 

This succession of phases may be illustrated by the copper-zinc 
system (Fig. 61). Pure copper has a face-centred cubic structure ; 
on adding to it increasing amounts of zinc, the zinc atoms at first 
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merely replace copper atoms in the face-centred cubic lattice. 
When the limit of this simple solid solution is reached, a new phase, 



with a body-centred cubic structure, known as /J-brass appears. 
This in turn, gives place to a so-called y-phase, which is again 
based upon the cubic system, but which possesses a coinpheated 



Tabic 

6 


lS-a(ruct 


y’Slrurfttrrft 





CuZil 

AgZii 

AuZii 

AgOl . . 

CU3AI . . 

Cut,Sii . 

AgaAl 

Cu^8i 

CnaZn^ 

Ag6^«'» 

Au^Ziig 

CuflA], 

CuaiSiiB 

C’UjiSis 

(.'uZlia 

AgZuj 

AuZtij 

AgCM, 

1 

Ag.Alj 1 

(’UaSn 
CUaSi ! 

CoAl . . 

CoZiij, 

CojZii.^i 

NieJin,, 

I’t^Zn,, 

KlljZlI;, 

/ 

1 

F<-A1 . • 
NiAl . . 


Ntt„Pb„ 



I 
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structure. The next phase to appear, the e-phase, has the hexagonal 


close-packed structure. 

This succession of face-centred cubic body-centred cubic 
ri9-phase) y-phase — ► close-packed hexagonal (e-phase) is ot tre- 
queiit occurrence. In some cases (sec Table 6) the /S-brass body- 
centred cubic structure is replaced by a related, but more complex, 
cubic phase, known as the /3-manganese structure. The composi- 
tions assigned to the intermetallic compounds in these binary alloy 
S5^stems are rationalized formulae. The intermediate phases have 
a range of homogeneity in every case, and for certain of them this 


is extensive# 

The Hume-Rothery Rules. — WTiile the composition of the 
successive phases differs widely from one system to another, the 
ratio of the total number of valency electrons to the total number 
of atoms is a constant for each tj^e of phase.® For the^-brass 
and ^-manganese structures, this ratio is 3 : 2. As may be seen 
from the above table, this ratio is attained in ail the copper •‘nloys 
listed if copper contributes one valency electron. Thus, for CuZn 
(2 atoms) we have 1+2 = 3 electrons ; for Cn^Si (6 atoms), 
5 + 4 = 9 electrons ; for C1I3AI or AgsAl (4 atoms), 6 electrons. 

In the y -phase, the ratio is 21 : 13 throughout# It is especially 
interesting to observe that the tendency to acquire the charac- 
teristic )*-stnicturo mav override the normally expected ratios of 
combination. Thus, in the Na-Pb system, where the formation of 
a i)luiubide, Na^Pb, might be expected, the compound actually 
foi-nu-cl is Na3ilM>8, in conformity with the Hume-Rothery rule.^® 
Tho f<»rination of a y-.structure where the electron : atom ratio 
roaches 21 : 13 is <ibservcd even in ternary alloys, so that in the 
(’u-Al-Zn tlie alloys CueZiioAl, Gu(,Zn2Al3 constitute 

y-])hases. A similnr constant electron : atom ratio of 7 ; 4 applies 

to the cl<' - |);icked hexagonal e-phase. 

It will be ..bserved that the Hume-Rothery rules apply to the 
/?- and }'-{)liase eomyiounds of the transition metals Fe, Co, Ni, Pd, 
etc., onlv if these elements contribute no ^’alency electrons to the 
alloy .‘^tn^(•tu^e.” This behaviour in alloys may be correlated with 
the manner in which just these same elements display zero valency 
in the metal carbonyls, and it may be explained quantitatively in 


terms ef their atomic structure. 


» Humo-UotluTv. J. Metals, 102G, 35, 205; Phil. Mar;., 1927, 

.3, 3C»1 ; F. Wcatgnai nml G. Phra^iaen, Trans. Faraday Hoc., 1929, 
25. 070. 

\V. Stillwell and \V. K. Robinson, J. Amer. Chem, Soc.y 1933, 55. 127. 
\\\ Kknmn. CAem.. 1031. 12.57; Woatgren and Phmgnu'n. 

{*}c. ri7.. Rrf. 0. 
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The transition metal atoms are those in which (considering the 
first transition series) the 3d quantum level is approaching com- 
pletion. Thus, for nickel there are tiiree possible electronic con- 
figurations which, omitting completed levels, may be symbolized 
as 3(Ms^, MHs and 3d‘o ; in these the nickel atom possesses two, 
one or no effective valency electrons, respectively. The groiin.l 
state of the atom is ZdHs. but the configuration 3^’® lies at only 
about 1*25 electron-volts higher energy. The energy of binding of 
a nickel atom in the metallic lattice is of the order of 4 electron- 
volts, so that it is not unreasonable that the atom should enter in 
the 3di‘' configuration, without contributing any valency electrons 

to the structure. 

However, it appears that this arbitrary assumption is not requireii 
if the ratios are based on Pauling’s valencies. These also furnish 
a self-consistent sot of electron : atom ratios for the Humo-Kotliery 

plxases. , ^ 

It has been found possible, on the basis of the quantum theory ot 

metals, to iu.stify the valence electron : atom ratios, which were 
advanced as empirical relations. Reference was made m an earlier 
paragraph to the relatively large increment of energy per e ectron 
added t.) a nearly full Rrillouin zone. For the facc-centre.l cubic 
lattice, i.e. the a-[)hase in alloy systems, the calcidate<l ciitu-al 
electron : atom ratio should be reached when the fir.st Rnl oum 
zone contains 1-302 electrons per atom; for the closely related 
d-brass ami ^-manganese structures, u, = l-48() electrons per atom , 
for the complicated y-phaso. = 1038, am for the c-pliaso, 
n, = 1-75 electrons per atom. The Hume-Rotliery ratios as dis- 
cussed in a previous paragraph, are 1-50, 1-015 and l-io electrons 
per atom for the (i-, y-, ami c-phases. rcspei^tively. 1 !ie..e ratios 
3 : 2 21 : 13 and 7 : 1) are, of cour.se. m-tually rationalized to give 
the nearest integral figures consistent with the various .systmns ; 
each phase actually covers a certain range of compositions, since 
solid solutions are forme.l. Where the phase boundaries narmw 
until they meet, as is the case in .some systems, a more precise 
meaning mav be atta.hed to the eIe<:tron : atom ratio. \ .i ue.s 
found for a few systems, compared with the thcoietiial va 
for the corresponding structures, are listed in lable i 

It may be seen that the scheme developed alxnv, due larg.-ly 
to the work of H. Jones, aifonls a consi.sterit picture of the trans- 
Zintl Phases- -The werk ..f Zintl an.l las sel.oel la.s slu.u . 
that alloys of the most highly electropositive metals with met.il.s 
of the R sub-groups (including goM also) afTor.l sugg<-stive evidem e 
of mixed metallic and heU*ropolar charact<‘r. J he fact tli.it a 
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Table 7 



Maximum 

Lower 

Boundaries 

1 

Electron Ratio 

Limit of 

of \ 

1 

in a-phase 

fi^phase 

Y^phase j 

* 

Tic theoretical 

1362 

t 

1-480 

1-538 

1 

Hume-Rothery ratio 

1 

1 50 

1-615 

Cu-Zn 

' 1-384 

1-48 

■ 1-58-1-G6 j 

1 Cu-Sn 1 

1 1-270 

1-49 

1-67-1-G7 

Ag-Cd 

, 1-425 

1 1-50 

1-59-1-G3 

Cu-Si 

1-420 

1-49 

1 

Ag-Zn 

1-378 

— 

j 1-58-1 63 

Cu-Al 

1-408 

1 

1-48 j 

1 i 

j 1G3-1 77 


n\iniber of the compounds of the simple type MB {e.g. LiHg, MgTl, 
CaT!) have the caesium chloride structure is not, in itself, necessarily 
significant, for although this is a structure typical of ionic compounds 
it is assumed also by the superstructure phases YT'of the transition 
metals. Whether purely metallic or partly ionic, the interatomic 
distances in this structure are determined jointly by the sizes of 
the atoms M and B. 

There are, however, certain alloys of the same formal composition 
MB, and others of the tjpjc 3/R,3, which introduce a new principle, 
in that the dimensions depend solely on the nature of the atom B. 
It may be inferred that the B atoms build up some structural 
framework into which the M atoms fit, their size being of secondary 
importance. 

The first group of compoimds may be exemplified by LiAl, NaTl, 
LiZn, LiCd, having a simple structure with the M and B atoms 
occupying alternate sites on a body-centred cubic lattice. Each 
atom has four neighbours of each kind, and the two sorts of atom 
have apparently equal radii. In this sodium thallide structure the 
Na atoms and T1 atoms each lie as in the crystal lattice of diamond, 
or gray tin, and as has been indicated, it can reasonablj’^ be inferred, 
that the thallium atoms are bonded together to form a tliree- 
dimensional diamond type network. The alkali atoms fit into the 
interstices of this, but their apparent radius is determined by the 
thallium framework. The diamond structure involves four bonds 
per atom ; if there were complete transference of an electron, so 
that the structure were built up from Na'*’ and Tl" ions, each of the 
latter would have the four electrons needed to form four normal 
covalencies. It is, perhaps, not necessary that electron transfer 
shoxjld be complete ; there may be some metallic bonding between 
Na-Tl, with non-integral Tl-Tl bonds also. In LiCd and LiZn, 
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wLicli are described as intensely coloured compounds, the tliree^ 
dimensional framework involves, at most, three electrons per Zn 
or Cd“ ion, resonating amongst four bonds. It is not clear whether 
the compounds have any marked metallic character. The com- 
pounds (Na,K,Ca,Sr,Ba)Zn ,3 and (K,Rb or Cs)Cd ,3 have complicated 
structures, but illustrate Zintl’s viewpoint strikingly, since the 
dimensions of the cubic unit cell change only from 12-27 a. to 
12*33 \ in passing from NaZn |3 to BaZni 3 , a substitution imolv'ing 
a much larger atom and (if bonding were purely metallic) the 
operation of stronger forces by the bivalent atom. 

The same structural plan can be discerned in other compounds 
also Thus CaZng contains hexagonal sheets of zinc atoms, some- 
what distorted from a pseudo-graphite structure by the insertion 
of calcium atoms between them. The structure suggests that it is 
built up essentially from Ca®^- and Zn" ions ; the latter, with three 
electrons, then build up a system of [sp^] trigonal bonds In al 
these compounds the operative factor is the combination of a inetal 
of extreme electropositivity with an element ii^^ving sulhcicnt 
electron afOnity to form strong covalent bonds. Ihc metals 
forming the framework of Zintl phases are also those which form 

organometallic compounds. . u • *. 

That the jiart played by heteropolar forces m alloys is not 

negligible has been borne out by measurements of electrolytic 
transference. Althnugh tire metallic electrons. becaiLso of tlie.r 
hitth concentration and mobility, are neces.sarrly the mam current 
carriers, a certain concentration of ions will be present m a solid 
with partially ionic binding. If the temperature is IiikU eiioiigb 
to permit of diffusion, the ions will migrate also during the pas,sage 
of an electric current. Their transference number will depend on 
the effective concentration of atoms m ionic form, and on the relative 
mobility of ions and electrons. An alloy of mixed valence type 
might therefore have the properties of a solid electrolyte sup i- 
imposed on the quantitatively predominating electronic conduction. 
Even in a purely metallic .system, the electron gas and the positively 
charged aUunic cores should both contribute to the pas.sage of 
curr^^nt, and if. in a binary alloy, the mobilities of the two species 
of atoms differs markedly, some changes m concentration should 
bo observable. This is, indeed, the case, as lia.s been fmmd for the 
IM-H ^2 arHrEe'C‘=’ systcias. and m the truly inetallic systcia-h 
Pd-Au and Cu-Au*' also, but the apparent ionic transference 
numbers are excessively small. In more polar alloys, liowever, 

»A. Goehn and W. SiK-c-ht, Z, 62. 1 

>3 W. and O. Kuba.schow«ki. if 

»« W. JoHt and K. Linkc. Z. phyn. them.. IJJa. U -iV. 
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there should be migration of ions in both directions, and any ionic 
component of the transport of current may be more readily observed. 
Thus in MggBia at 700° C. about 0-1 per cent of the current is 
transported by ions, the bismuth being transported to the anoded® 
The ionic transport number varies with the composition of the 
phase, and is a maximum for the stoichiometric compound, which 
has the minimum conductivity also. In view of the disparity 
between the mobilities of electrons and of massive ions, this ionic 
transference number indicates that a very appreciable proportion 
of the electrons must be trapped in the form of Bi"* ions (« is not 
necessarily 3), instead of being in the form of freely mobile metallic 
electrons. On certain assumptions, Kubaschewski calculates that 
the binding forces must be 80-90 per cent ionic in this compound. 
Few intermetalbc phases have as yet been investigated from this 
standpoint. Kubaschewski and Kcinartz have, however, found 
evidence for a peri’cptible ionic component in the conduction of the 
Uumc-Rothery //-phase CH 3 AI. 

Polyanionic Compounds of Lead, Tin and Antimony. — A 
link between the intermetallic compounds, in which the usual 
valency rul<‘S do not applv, and the normal type of chemical 
combination is provided by an interesting group of compounds 
investigated by Zintl and his co-workers.^® These polyanionic salts 
serve also as a link with the poly.sulphides and polyiodides, the 
constitution of wliieh is still little known. 


It was lirst c»hservcd hv Joannis, and later conhiaiied by Kraus, 
Bergstrom and Sniythd" that a solution of sodium in liquid ammonia 
could di>solv«* metallic lead, forming a conducting .solution. These 
authors rightly surmised that a compound resembling a poly- 
sulphide was formecl, Init the elucidation of the composition of 
the substance, awaited the application of an elegant e.xperimental 
techuiqiK! developed by Zintl. This turns upon a second method 
of ftnniation of the ]>olv[)lumhides — viz. the action of an excess 
of sodium on a solution of lead iodide in liquid ammonia. The 
course 4 if the reaction was studied by conductometric and potentio- 
inetiie titrations in licjuid ammonia solution, and it was established 
that Hot only with lead, hut alscj with the other metals of Groups IVb, 
\h ami \In— be. with th«)so elements forming volatile hydrides — 
several stages of polyaiiion formation are detectable. With the 

“ (). Kubasehfw.ski utul K. Koiuartz, Z. Elellrocficm., 1048. 52. 75. 

10 :^ 0 . 17 , Z. phi/.siiul. ('/um.. A. 154,1,47; iUJ.. 
15. ll'Oi'. 16. ISO. 111.-,, -jot;; anorg. C/nm.. 1033. 211. 113. 

>'A. .loaunis, lS0l\ 114. .a.sT ; .-ta//. Chuu.. 1000. [viii], 7, 

75; C'. A. Kraus d J, Annr. Chftn. 1022. 44, 1210, 1909, 2722; 

15525, 47. 43; h' . II. .Smyth, ibvl., 1017. 39, 1299; Bc-restrom, ibid., 1920, 
48, 140. 
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Clements of Groups I-III, on the other hand, *0 same type of 
reaction with sodium in liquid ammonia forms metallic alloi ph.i, es 
insoluble in liquid ammonia. The compounds formed are sum- 

marizcd in Tabic 8 (page 4/2). i ii • r *1 

Of the compounds listed, those italicized are not soluble m liquid 

ammonia. They represent, as has already been discus,,ed in a 
earlier section (p. 446), interinetallio compound phases with com- 
bed Soui!f .onei: and thus have au --‘tral ly homopo lar 
character. The other compounds, however, are soluble, and tend 
to have intense colours. Thus, Na 3 Bi 3 is the colour of perman- 
ganate, while Na 4 Sn, is blood red m solution. In som> cases the 
colour of the solutions by reflected light is compleinentiu> to the 
colour by transmitted light. The liquid ammonia sola ions arc 

probably not so much true .solutions as sols P“ [“Xei 

' The addition of lead ions (c.g. m the form of added lead md de 
to a polyplumbide solution neutralizes the muomc <■ 
aggregation ensues, the complete sequence of reactions being 

= 4Na+ + [P'> 7 ]* 

[Pb,]‘- + ‘2Pb 

[PbJ‘- + 2Pb=^= HPb 

In accordance with this typical scheme, the anionic element is 
deposited at the aiiode by f .21-1;;- 

ani^e into ^e ^ " ^^^dic 

with tlio Uiguer coinpouiKi 

dissolution may occur. ^ snltod 

The reaction of metallic so.luini with metallic sal . imt s KU 

for the “f f^n'the'sodilit hXlerfonned'siml.lVrncousk 

quently be effected fiom the so. ^ ,.xtract,-.l by li.piid 

The same „.i,q t^'e ,„etal concerned. -Ulov.s 

aimnonia from alloys of sod, u ^ ,ine,l texture, .lis- 

of sodium and lead, cUiiK U u* ^ . . . ^ ,, 

solve readily in liqui.l annuo, na, giving a f ^ ‘ 

and Na.Pb, when the aton.^; ratio l>b i Na ‘ ^ ^ 

than 9 : 4. Alloys with Pb i Nbi > ! : 4 yie d [iii - ^ = 

i .1 r 1 I •!« <%u\\ althouuh an alluy ot the (ojjipoMuun 

the excess of end . s sue , ‘ |.,„„„ge„eous 

Na Pb.„ may j „.,1 aodium-bi.s.uutl, alloys with 

metallic phase. ,„,.ml behave similarly. 

men the liquid a.mno.iia .solutions obtamca ' > ^ 
described in the last paragraph are evaporated, the compounds 
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Table 8 


Group IV ^ 

Group V ^ 

Group VI 

V 

1 


Na^ 

NajSj 

NajSa 

Na*S4 

NsjSs 

NajS. 

j 


Na^As 

i Na^e 


NagAs, 

\ NajSe, 


Na^As^ : 

: Na^Se, 

1 

Na^As, 

1 NajSe* 

' NajSes 

Na^Se* 

Na^Sn^ 

Na^Sb 

Na^Te 

NaaSb, 

Na^Teg 

1 

4 

NfsSb, 

Na«Te3 

Na^Tej 

1 

! Na^Pb, 

Na^Bi 


1 Na4Pb, 

NagBi, 






obtained as pyrophoric substances of metallic appearance, which 
are readily and completely soluble in liquid ammonia. The solid 
substances are, in all cases, ammoniated. They appear to be 
amorphous in structure, but on deammiuation the resulting alloy 
undergoes reorganization, with the formation of an atomic (alloy) 
lattice. 

This behaviour is well illustrated by the polyantimonides and 
polybismuthides. The lower compounds, [Na(NH 3 )j.] 3 Sb 3 and 
[NaCNHalj-JjBig, on deainmination at once form the alloy phases 
NaSb and NaBi, already known from the fusion equilibria of 
the binary system. The higher antimonides and bismuthides, 
[NaiNHalj-JgSb,, [NalNHalj-jaBig,,, form mixed two-phase products 
of NaSb -f Sb, NaBi + Bi, as is shown by X-ray analysis, just as 
do melts with less than 50 atomic per cent of sodium. That this 
transformation corresponds to an entire reorganization of the 
molecules follows from the crystal structures of the alloy phases. 
NaSb has eight atoms of each kind in the unit cell, NaBi has a 
body-centred tetragonal atomic lattice. Neither can therefore 
contain polyatomic anion complexes such as Sbs®". 
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It is plain that the deammination of the sodium ions, by decreas- 
ing their size, increases their potential and thereby the deforming 
action on the anions (in the sense discussed by Fajans, cf. Chap. HI. 
p. 42) so far as to break up the anion completely. Only with very 
large univalent cations is the polarizing action reduced sufficiently 
for the highly deformable polyanions to be stable. Polyanion 
formation is thereby limited to the alkali metals, although there 
is evidence that an unstable polyplumbide of the very large totra- 
methyl ammonium ion may be formed in solution. Ihe nia.Kimum 
of polyanioii formation with the heavy metals is reached with 
sodium, due probably to the operation of two opposing factors, 
(o) With increase of size (K, Rb, Cs), the potential of the alkidi 
ions is reduced too far to permit of stable ammination. but, (6), 
the size of the non-amuiinated cations is too small, even in the case 
of caesium, for polyplumbides, etc., to be formed. This behaviour 
is paraUeled, to some extent at least, in the more familiar cases of 
polyanion formation by sulphur and especially by lodme. Here 
the same criterion of a minimum cationic size seems to apply, 
since only the largest alkali metal ions, rubidium and cajsium, form 
anhydrous triiodides. The only stable potassium and sodium com- 
pounds have the compositions Kla-HaO and Nal 3 . 21 l 20 respect lydy, 
and break up if they are dehydrated, as do Zintl s polyamomc 
salts when they are deamminated. Amongst the higher polyrndides. 
cffisium alone forms an anhydrous salt of the type Csl^, while the 
MI, and MU types invarialily contain eitlier constitutional water 
or benzene. The heptaiodido compound [Ni(NHd4lIiy containing 
the bulky cation, is notewortliy m this respect. 

» Ephrai-n and Mosin..-»nri. Her., 1021. 54. 3S5 ; cf. ^ Gnuv .LC S 

1931, 694 ; Abegg and Hamburger, Z. anorg. ( hnn., l.KJU. 50, 403 . 
and Geiglc, ./, Physiad Chem., 1930. 54, 2250. 
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CHAPTER XVI 


SOME INTERSTITIAL AND NON-STOICHIOMETRIC 

COMPOUNDS 


The Refractory Carbides, Nitrides and Borides.^ — The 
carbitles, nitrides and borides of the metals of Groups IV, V and 
VI of the Periodic System constitute a related group of compounds 
remarkable for their refractory nature and true metallic properties. 
As will be seen, they are essentially related to the intermetallic 
compounds, and are included amongst the so-called interstitial 
ro)n pounds {see below, p. 476). 

All these compounds may be obtained by heating the powdered 
metal to a high temperature with carbon, boron or in a stream of 
nitrog*m or ammonia, rcspectiv'ely — at 2200^^ for the carbides, 
ISbO-'JOliO'' for the borides, and at 1100-1200° for the nitrides. The 
compt)und.s are so obtained in the form of powders. They may be 
puriiied and compacted by sintering them, in the form of compressed 
ro<ls. in a vacaium or in an inert atmosphere — e.g. in argon — at 
temperatures between 2500° and their melting-points. All the 
possil)le im[)urities, being more volatile than the refractory cora- 
poUTuls, can be thereby volatilized awav. 

.\ more conveiiiiuit process, applicable to all cases, is by carbon- 
izatii>n or nitriding from the gas phase. A wire of the metal, 
fur i-xample of tantalum, hafnium or tungsten, for which the method 
is <‘s])e( ia!l V suitable, is heated in an atmo.sj)here of hydrocarbon 
vaj)our or nitrogen. In the former case, the partial pressure of the 
liy<ln» arb(ni must be suflieieiitly low to prevent the deposition of 
imc< tnbitied carbon, in the form of graphite, on the hot wire. The 
lefi r toi V compounds are conveniently obtained in the form of 
fil.iments by this process. An alternative method is to use a 
< iirier lilament of s<*me f»ther material — platinum, carbon or 
I’lngsten wliich is heated in the mixed vaptuirs of toluene or 
mothaiie aiul a volatile metallic halide ; all the metals concerned 
form Volatile lialogen c(»mpounds. 'bhe reaction, proceeding at the 


surface of tlie incandescent lilament. deposits a coating of the 
req\iirt‘d metallic carbide. In the .same wav, nitrides mav be formed 
by usijig nitrogen, and borides by using boron tribroniide as con- 


* Eor an cxceUeut review, ste Becker, Physikal. Zeitschr., 1933, 34, 185. 

474 
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stituents of the vapour. The metallic carbides etc may be 
obtained by this method in the form of single crystals. The central 
carrier wire, upon which the deposit was formed, can hnally be 
volatilized away by heating the composite filament almost to its 


The remarkable physical properties of these compo^ds are 
summarized in Table 1. It may be seen that the hardness lies 
in general between that of diamond (hardness -10) and topaz 
(hardness = 8). while the carbides of zirconium hafnium, niobium 
(NbC, m.p. 3770° K.) and tantalum are actually 
tungsten, rhenium or even carbon itself. It is, mdeed. pos:=ible ^ 
melt and vaporize carbon in a crucible of sintered tantalum carbid . 


Table 1 



Carbides 



.V itridfs 



Dorid<^ 

1 

1 

1 

1 

1 

1 

1 

M.p. 

1 

Uord^ 

nc9S 


M.p. 

f/arrf • 


M .p. 

Hard- 

TiC 1 

ZrC 

3410® K. 
3805® 

CD 00 

1 1 

TiN 

ZrN 

3220® K. 
3255® 

8-9 

8 

TiB 

ZrB 

3205^ K 

0 

9 

HfC 

4160® 



33C0® 





TaC 

! 4150® 


, TaN 

1 




W,C 

1 3130®* 

9-10 

1 


1 




WC 

3130® 

9 

1 


1 

t 



, 

Mo,C 

2600® 








MoC 

2840® 







i 


(* With decoiiiportitioii.) 


Binary systems of these liigli iuelting compounds present some 
interesting features. Tantalum carbide ami 

a complete scries of solid solution.s niel ing e - l,iii-irv 

4150° K. Tantalum carbide and mreomum carbide f. r u a lniiar> 

system wbicb shows a maximum meltiug-pomt of 421o K. at tlic 

irTposirn 4TaC + ZrO-tbe highest melting-point recorded for 

%rtr^:ompounds are extremely inert 

titanium carbide is unalfected by water or ■> i 

SekTlTiy bTcoH ::;t“:cid. The carbides of molybdenum 

• Ibid. 
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and tungsten are somewhat more reactive than the metals them- 
selves. In each case, two carbides, M 02 C and MoC, WjC and WC, 
are well attested ; MoC and WC decompose at their melting-points, 
giving the lower carbide and graphite. 

It is plain that the compositions of these substances, like those 
of the internietallic compounds, are not determined by the valency 
of the metal and non-metal components in the ordinary sense. 
The compounds have much in common with the true metals ; thus, 
they have a high electrical conductivity, with a negative tempera- 
ture coefficient, showing that true metallic conduction is involved. 
The order of the conductivities of the compounds of any one metal 
is usually 

4 


free metal > carbide >• nitride >■ boride. 

The metallic character e.xtends so far as to include the phenomenon 
of supraconductivity — the first instance of supraconducting com- 
pounds. In some eases, indeed — with niobium carbide at 10-1° K 
and with zirconium nitride at 9-45° K — supraconductiv’ity sets in 
at temperatures higher than with any pure metal. Finally, all are 
weakly paramagnetic, the susceptibility varying but little with 
t(‘mperature. .Vs has been discussed in the previous chapter, the 
paramagnetism of the conduction electrons is a characteristic 
])ropeiiy of the metallic lattice. 

Ihese properties are reflected in the crystal structure of the 
conipouiuls. In ('haj>t«'r Y it has been seen that in an ionic lattice, 
such as tlie crystal lattice of the silicates, the small metallic cations 
are interjtolated in tlie cavities of a close-packed structure of large 
anions. 'J'lie same holds good for the salt-like carbhles dealt with 
in the next secti(Ui. 

It was originally suggested by Iliigg ^ that the converse applied 
to the comjxiuiids undt-r consideration, the metal atoms deter- 
niinini: the fuo* with the small atoms of non-metal inserted 

between tl l<.,r this reason, these substances are frequently 

termed m!- •/ , ompontuls. Kundle * has shown that this view 

is^an over-su:.: 'nation, however. AH the compounds ^IX, where 
X is li, C, X oi' jii some cases O, have the sodium chloriile structure, 
irrespective of wlu-tluw or not the parent metal M has a close- 
packed stnuture. Moreover, even although the formation of the 
compound may involve a considerable e.xpansion of the metal 
structure, these coinj»ounds are harder and have higher melting- 
points tluin tlie metals. Altluuigh the metal-metal bontls may be 
\v«‘akencd. new mcial-iwumetal bonds have been formed, and are 


=• Z. phies. Chftn., 1031. B. 11, 433. 
Arner. Chem. Soc., 1047. 69, 1327. 
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apparently stronger. The hypothesis advanced to interpret these 
facts links up directly with Pauling’s views on metal structures. 

Arranged in the NaCl-type structure, every atom has six 
equivalent neighbours. This would apparently imply the utiliza- 
tion of octohedral bond functions. The atoms of the first short 
period, however, have only four stable orbitals for bonding. Of 
these, the p orbitals are mutually at right angles, as is required. 
Rundle suggests that two bonds may be formed, by resonance, by a 
single electron pair in each p orbital. If all the orbitals could be 
used, stronger bonds could be formed. This could be achie\ed if 
the orbitals were a pair of [sp] hybrid orbitals and two P o^bi als, 
since resonance would make all the bonds equivalent. The whole 
really constitutes a metallic system, but with stronger bomls (order j) 
than are found in the iLSual metallic structures. 

The refractory carbides find some technical po.s.sibilities in virtue 
of their great hardness. Tungsten and tantalum carbide.s, in 
particular, may be alloyed with the metals of the iron group, and 
alloys of cobalt with tungsten carbide arc suited lor the manufactuie 

of high-speed tools of very high performance. 

The Salt-like Carbides.-The more strongly elc.-tropo.Mtne 
metals form carbides which are diametrically omM^sed 
the metallic compounds just considered. H'cy are 
transparent crystalline solids, non-conductors of \ 

are decomposed by water or dilute mineral acids with 
of hydrocarbons. A consideration of the prot uc s > 
decomposition shows that the salt-hke carbides may be .liM<Ud into 

three groups : 

(а) carbides yielding methane on hydrolysis ^Be C A .C3 : 

(б) carbides yielding acetylene on hydrolysis--Na,(. ... K.^,, l at... 

(c) cMbidrs'*formi^}f mixtures of hydrocarbons, of two types, 
S their products cither (i) 

some unsaturated ‘‘y'^tocarhons-UC., LaC. ^dC,^ . , 

or (ii) chiefly methane and hydrogen d‘e,C, Huat-. 

The relation of the hy<lroly.si8 reaction to the ^ * J" 

solid carbides has been in large measure elucidated through 

Stackelberg’s work on their structure. i.-iibidcs 

The salt-like carbides, in contrast o , V, ^ 

PO8.SCBS ionic lattices, with the metallic cations , ,i< k 1 , . o o 
interstices between the carbon unions. As such, the .salt like 

character is dependent upon the sufficiently 

nature of the metal. Thus, in the simple substitution prod.u ts 

6 Z. phtjsikal. C/iem., B, 1»34, 27. 53. 
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of methane, BcgC, AI4C3, SiC, the transition from a true salt to 
complete homopolar character exactly follows the decline in 
electropositiveness from berjdlium to silicon. 

The second factor which determines the nature of the carbides 
is the size of the metallic cation, in conjunction with its valency. 
The close-packed structure of anions provides, for each anion, two 
equivalent ‘ tetrahedral ’ cavities for occupation by cations. Hence, 
if too many cations are needed, there is no room available ; from 
the crystal-chemical standpoint, this is the reason why no ‘ methane 
salts ’ of the alkali metals — e.g. Na 4 C — exist. The divalent alkaline 
earth metals could be accommodated as far as their number is con- 
cerned, but the size of their cations is such that the anion lattice 
would be excessively deformed. In consequence, the carbon 
lattice breaks up into discrete Cg-' anions, the known alkaline 
earth carbides being the acetylidcs ; the alkali metal cations can 

be acci.unmodated in similar fashion. The acetylide ion therefore 

% 

•‘xists as such in the crystal, so that hydrolysis necessarily yields 
acet yl«*ne, and broinination forms CoBr^, the carbon atoms remaining 
mutuallv attached : 


-Wf' ^ HC^CH -r Ca(OH), 


CaC, 


BrjC— CBrg -f- CaBr. 

It is <if interest to com{)arc this type of structure and reaction 
with the corresponding silicide, CaSig. Here the pronounced 
teiKh'iH V for silii'on to form four homopolar bonds leads to the 
pnidih tion of a layer lattice structure, in which calcimn ions are 
situated between slieets of indis-solubly linked silicon atoms. The 
livdrolysis <.f ealcium silicide therefore nece.ssarily leads to the 
formation of a liigh molecular unsaturatod sikme, and the existence 
of a true sill \ li ne. Si JIo, is excluded a priori by the structure 

of its supp. oeriviitive {(/. Chap. XT. p. 311). 

A strucluit eluted to that of the acetylidcs must be possessed 
by a magiifsium carbide. Mg.>C’ 3 , which is described® as forming 
chiefly allyleiir, ('Il.,.(.' ('H, on livdrolysis. This would imply that 

O 3 - ' units already exist within the crystal lattice. 

The carbides of the rare earths, thorium and uranium, of the 
general formula also contain discrete anions. Their 

hydix)lysis follows a somewhat tliflerent course from that of the 
acetylidcs. howev»T, sim-e tlie metals are ultimately obtained in the 
trivalent or quadrivalent states, respectivelv. Ilvtlrogen is there- 
fore liberated in th.‘ reaction with acids, with the result that the 


® Isovdk, Z. phj/sihal. ('fum., 1910 , 73, 513 : stx also Rueggeberg, J. Afner. 
Chem. Soc., 1943 , 65 , 002 . 
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acetylene formed as tlie initial product is, in part, reduced to 
etkylene, ethane, methane or other hydrocarbons. 

Carbides of the Iron Group. — Iron and its congeners form 
carbides which are in a sense intermediate between the interstitial 
and the salt-like types. Structurally, they are related more closely 
to the interstitial compounds, but they lack the chemical stability 
and perfect metalUc character of the refractory carbides dealt with 
above. This may be correlated with the smaller radius of the iron 
group atoms. The formation of interstitial compoun<ls without 
serious distortion of the metal lattice is possible only when the 
ratio radius of vicUtl : radius of carbon is greater than LT i.c. 
for metallic atoms with a radius greater than l-dA. Iron (radius 
1-26 A.) is just smaller than this, and the other metals sucli as 
manganese (radius M8 a.) arc still further removed from the hunt- 
ing radius ratio. Hence, their carbides, although sharing the 
metallic characteristics of the interstitial compoimds, possess 
crystal structures distinct from those of the metals, and their 

properties are modified in other ways. 

Cementitc, FcgC, and the analogously formulated carhules of 
manganese and nickel, thus possess structures m which the carbon 
atoms are present as isolated unit.s in the lattice. They are readiU 
decomposed, however, by acids and water. Whereas manganese 
carbide is decomposed b}' water to give methane and hydrogen, 
cementite undergoes a more complex reaction m which methane, 
ethane, ethylene, hydrogen and even solid and liquid hyclrocarhous 
are formed, while free carbon is deposited. The mechanism ot 
those reactioiLS is unknown. Nickel carbide, NIqC, is lum i 
stable than is cementite, while C03C, although infeired fioin t a tnia 
analysis of the cobait^^arbon system to exist, caiuiot be isolated. 

The Cg and C3 structural units found in the salt-Iike carbides 
can be thought of as hydrocarbon chains, stripped of their liydr..gen. 
A stage intermediate between the stripped hydrocarhon aiium am 
the atomic lattice of the interstitial carbides proper is repivseiitea 

by the remarkable chromium carbide, Cr^Cj. Thocr^.^ta strui iir< 

of this compound shows that the carbon forms long zig-zag chains 
through a lattice of chromium atoms. The carbon atoms in the 
chains are about 1-G4a. apart i.e. little farther .ipait lan in 
paraffin hydrocarbons. The whole represents the union of cliionmnn 
with an infinite parallin liydrocarbon skeleton. .st.rii)j>e<l «1 liyliogen. 
In a sense, Crf!., constitutes an aliphatic parallel to the putas.Mnm- 
graphite compounds to he discussed m a later se.-l uau e t a se 
are, in effect, compoumls of the metal with an inlmitely extiiidul 

The Borides and Sillcides.— In the metallic carbides, as ha. 
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been seen, compounds may be formed with a progressively increasing 
ratio of carbon to metal, and manifesting also a progressive increase 
in structural complexity, of a type paralleled, amongst ionic com- 
pounds, by that foimd in the silicates 

Isolated atoms — >■ Isolated — >- l-dimensional — ► Sheets 

groups chains 

Increasing ratio C : M >■ 

It has recently been shown that, amongst the borides and silicides, 
the varied types of compound found can be classified in a similar 
way. The ultimate stage, without an analogue amongst the metallic 
carbides, is found in the borides of the alkaline earths and rare 
eartlis — e.g. CaB^. — and in silicides such as ThSig, in which the non- 
metal atoms build up a three-dimensional network with metal atoms 
in interstitial positions. In these, and in the hexagonal, pseudo- 
graphitic sheets of boron or silicon atoms in CrBg, /S-USi 2 , etc., 
there is a continuous fabric of strong bonds throughout the struc- 
ture. The great hardness and high melting-points frequently 
found amongst these compounds reflect their adamantine character. 
Silicon shows a marked tendency to form sheet and network struc- 
tures in the silicides, and in the hydrolysis of the alkaline earth 
silicides the extended two-dimensional fabric of silicon atoms mav 
persist ; the compounds formed by such processes are the siloxenes, 
discussed in a previous chapter. The compounds KSig, RbSig, 
formed bv the direct union of the alkali metals with silicon, are of 
interest wlien compared with the compounds formed by the alkali 
metals with graphite {see below). As the only known form of 
silicon has the diamond structure, it is to be supposed that in these 
alkali silicides the three-dimensional network of silicon atoms 
persists, with met d atoms in the interstices. 

The regular })rc ression of structural type with changes in the 
metal : non-metal -atio is summarized in Table 2. 




Table 2 
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of 
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FliWiigontil 
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A (o7nA 
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Vrh 

CrB., 


Mo.B 


.Molt 



\\\_B 


wn 

\V,B, 


UaSi 



CaB^. LaB* j 


FSi 


a-USij ; 

FfSi 


FeSi, 

1 

KSi- 


FcjC 

CiiCa. l.aC\ 


KC,,. KC, 
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Graphitic Compounds, [i] Graphite.— The most perfect 
development of the layer lattice of structure is found m 

ffraphite. This consists of sheets of carbon atoms, Imked m 
hexagonal array as in condensed aromatic skeletons, such as 
pyrene, so that each sheet constitutes a giant aromatic molecule 
(Tis. 621. The spacing of the carbon atoms within each sheet, 
1-4 A. is about the same as that between the carbon atoms of 
aromatic ring systems. Such sheets of carbon atoms are super- 
imposed, one upon another, at a spacmg of about 3-4 a. ; the exact 
interplanar distance is slightly variable, and opens up appreciably 
when the area of the sheets becomes very small— i.r. for ^ery small 
crystallites. Rather more than three valencies of each carl on 
atom are utilized (statistically) in carbon-carbon linkages ith.n 
each sheet. The residual bonding takes the form of a sort of 



Fio. 62 .— .Structure of graphite. 

metallic linkaRO between the superpose.! sheets, "'*''‘^'‘'7nL‘ther' 
con.siderable distance apart show,s -are hut loo.sely bou.id to etl , 

The characteristic properties of (-raplute are, > 

pos-scssion of metallic electrical conduct,™ and, “^”'7'"’ 7''^ 

cleavace across the feeble interplanar forces, whereby the sluAts 
may sfip bodily over one another. It is this second consequence 

of the graphite structure which confers o., 

?Kcmical properties of graphite, and load to 

compounds in which atonrs or radicals are introduced betucen the 

^^ll* for “ arbor, , other than rbamond, have 

m-anhitic in character. Tlie variation in properties and appan ntly 

fZ;Lus ctracter of charcoaL, arise from the 

unit crystallites and the differing extents ^ u yr in 

regularly within the particle. 40 ^0 

norite, ihe crystallites are said to be only of the order of 40-..0 a. 
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across, and 10 a. thick — i.e. each contains only two or three layers 
of carbon sheets, a few hundred rings in extent. In the reddish 
form of carbon deposited from carbon suboxide the size of the 
particles is even smaller than this {cf. p. 321). 

[ii] Graphite-Potassium Alloys. — It was first observed by 
Fredenhagen ’ that graphite is wetted, and immediately pene- 
trated by liquid potassium, at the same time swelling up and 
disintegrating. If any excess of potassium be evaporated off in 
vacuum, a pyrophoric coppery-red mass remains ; on stronger 
heating a bluc-black substance is formed and finally the original 
amorphous charcoal or graphite is regenerated. It is significant 
that, with crystalline graphite, the crystal form is retained through- 
out ; swelling takes place only in the direction perpendicular to 
the laminations. Both with finely divided charcoal and with 
graphite, two distinct stages may be distinguished — a bronze- 
coloured potassium-rich stage and a steel-blue product obtained 
by partial removal of potassium. These two stages were shown 
by Fredenhagen to correspond to definite dissociation pressures of 
potassium, and thus to represent two distinct compounds, DgK 
and CigK, rc.'^pectively. The potassium may be washed out of these 
by means of mercury, showing that the metal is loosely held ; 
graphite is thereby regenerated. 

Tile X-ray examination of the compounds discloses that the 
graphite sheets are unaltered by the reaction with potassium.® 
Swelling takes place, as stated, along one dimension only, and 
corre.spoiids to an increase in the interplanar spacing ; it arises 
from the entry of potassium atoms between the sheets. The 
potassium-rich stage, CglC, has one potassium atom for each eight 
carbon atoms inserted between every pair of graphite sheets. In 
the second stage, CjgK, potassium atoms are similarly ordered, but 
are inserted only lietween alternate graphite layers. 

[ili] Grar-h/tic Oxide. — It has been known for many years that 
when grapl is treated with strong oxidizing agents — e.g. with 
potassium • ite and nitric acid, or with potassium chlorate, 
nitric and sr' luric acids — both oxygon and hydrogen are taken up. 
The eventual product is a substance of variable colour, ranging 
from ^ecn to brown, which retains the outward crystal form of 
the original graphite, although imdergoing considerable swelling. 
Early workers, in view of the case with which the product can be 
dissolved or peptized by Jilkalis, considered that one or more 
graphitic acids wore formed.® Brodie assigned to graphitic acid 

’ Z. anonj. Chem., 1920, 158, 249; ibid., 1929. 178, 353. 

“ Schleodo and Wellinnnn, Z. physikal. Chem., B, 1932, 18, 1. 

* See, for example, Mollor, Comprehensive Treatise, Vol, V, p. 828. 
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the formula C11H4O5, but other workers held that various stages 
of oxidation could be distinguished, corresponding with the various 

colours of the product. 

The so-called graphitic acid may be reduced by stannous chronde, 
hydrogen sulphide or hydroxylamine to a substance which was 
fimnerly described as closely resembling graphite m its physical 
properties, but stiU containing hydrogen and oxygen. Graphitic 
Lid itself decomposes almost explosively when it is '>eated. 
Oxygen is not set free, but carbon monoxide and dioxide are fur't>cd 
and a residue is left which consists either ot amorphous carbon or 

of a carbonaceous sub.stancc much poorer *"? ''■ 

acid, which Brodie called pyrographitic acid, ilus “ 

readily attacked by oxidizing agents, forming ultimately . util t c 
acid C„(CO,H),, amongst other products. It can now be *''• 
this’rcsidue must consist of 

oxygen, which is reactive towards oxidizing agcni 

small size and disintegrated character of its crystallites. 

The true nature of graphitic acid, and of its chemical ^ 
has been in large measure cleared up by the "'".''.“Ui , L X 
and his school.'" They have shown that ^ "i e 

potassium-graphite alloy, is a compoiiiid in «bi c ' 

Leets enter into chemical combination without . , « 

the bonds making up their carbon .skeletmis. ^ Jlie 

carbon atoms by that fourth valency not nivolycd ‘ “ X ; “ 

bonds As a result the metallic charaeter, lustre, .mil li> diophoDi 
eWeter o are lost. Graphitic acid is hv.ru.seopie, and 

f“Mld by iion-aipieous solvents tliali ni i P “ 

of a metallic lustre, it lias a colour varying lioni gueii to 

“?lie Xl^ Brodies graidiitic aval was early^ dis- 

^^ed aitbmigii ™e|e ;> iiss.ued 

acid“ pTsct“r„\ L oVw^ a conclusion alrea.ly drawn by 

hIu Ld Nelson from the mode of dehydration o gniphitm c 
They suggested that it had the true composition 
wa Jr adsorbed on the relatively large surface o co 

material. The water content may viuy up , .t-; , 


material, me - - " ; ,,i.,c.l 

variation m accompanied not oi y > ..vi^l.-neo of seveia 

misled early investij'ators into a le n* » ‘..r....m.i;M.r.nsii.>nn 


1 


==;=X:iLb;;bL;..enoiiiei.oii ..f iim-dmiensioiia, 

, Ki'io 1‘’48 • '/>. Elcklruchtni., .^7. <il3 , 

“ A-oiW Z., 1931, 56, 120; 1045, 104, 114, 
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swelling already referred to. The distances between the carbon 
atoms in the graphite sheets are unaltered, since the sheets remain 
intact, but the insertion of oxygen atoms between the sheets forces 
them apart, altering the spacing from 3-4 a. to a value between 6 and 
11 A. ; this interplanar spacing increases regularly with the amount 
of water in the material. 

In alkaline media, the swelling proceeds even further, and 
probablv corresponds to the complete resolution of the skeleton 
into individual .sheets of atoms. The viscosity of the suspensions 
is high, and the graphite passes into colloidal solution. It is plain 
that each graphite oxide sheet constitutes a macro-molecule, the 
oxide sheets being held together by the intermolecular van der 
Waals forces only. The swelling process reaches completion when 
there is room for two layers of water molecules between the sheets, 
i.e. when each sheet is covered on both sides with a unimolecular 
film of water. 

The material has cation-exchanging properties after peptization 
by alkali, and the ‘acid’ form can neutralize up to 5-8 milli- 
equivalents of alkali per gram of graphitic acid. This amount is 
too groat to be accounted for only by — COOH groups or acidic 
' Oil groups formed by c^arbon atoms on the edges of the graphitic 
sheets. It implies that reactive hydroxyl groups are located also 
at points on the sheet, remote from the edges. Ruess ** has been 
able to methylate carefully dehydrated graphitic oxide by means of 
diazomethane, and the methoxyl content of the product agreed 
roughly with the capacity of the graphitic acid for neutralizing 
alkali. The effect of inethylation was to increase yet further the 
spacing b(‘twoen the graydiitic sheets, fromG-3 .v. to 8*5 A. — evidence 
for the pre.senco «>f bvilky methoxyl groups between the sheets. 
(lra|)hitic oxide has been acetylate<l in a similar manner. 

from the work of Hofmann and Ruess, it would appear that 
graphitic acid can be regarded as sub.stantially a graphitic oxide, 
in wliich the ratio C : O may vary, jirobablv up to the limiting 
formula (‘^O. Tlie oxygen atoms appear to be attached, each to 
two carbon attuns as in ethylene oxide, at a distance of 1*4 A. above 
or below the carbon sheets (Fig. 63). The reactions of neutraliza- 
tion, inethylation and acetylation n?quire that about one — OH 
group reacts for every 6-8 carbon atoms. It is, however, not 
certain whether t)xygen is necessarily present in two forms — as 
ethylene oxid(‘ type groups and as liydroxvl oxygen— or whether 
a proportion ot the ethylene oxide group.s is reactive, and readily 
opened by hydration. It is of interest that the compound is 
% i hiometric in composition. During its formu- 

la KoUi.ul Z., 1945 , 110 , 17 . 
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tion or reduction the composition varies continuously, the graphitic 
oxide behaving as a homogeneous solid throughout. 



Fia. 63.— The structure of graphitic oxide 


fivl Graphite Salts.-.\ contrast in certain respects o the 
griphitic oxide just considered is provided by another 

compounds, the salts of graphite with , ^^jerstood 

compounds has long been known though i p jjyf(n-inn and 
until the whole field was clarified by the "f. , 

Riidorff. Graphite suspended in sulphuric 

in the presence of small amounts of strong o , , j'l „f,,pii|te ’ 
ing at the same time purple or blue m colour 1 

cannot readily be isolated, ,sincc it J J ineaiis 

of water, but it has been long known 'Yt ..^eid Tlie 

bine ^ 

tm\"e“:eeml“ftrttiltt‘ mS.^ Tmically the hydrophobic 

nature of the material. - , . , „raphite ’ 

If the adhering sulphuric ac.d be 
by means of phosphoric ac.d the 

0 32 gram of sulphuric acid per ’ined in terms of tlie 

The properties of this salt-like in nature. 

InTsrelrsritd: d^nvld from one stage in the formation of 

‘3 Z. Ekklrodiem., 1934 , 40 , 611 . 
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graphitic oxide, and its formation involves the oxidation of the 
graphite. 

Its reconversion to graphite by the action of water is a reduction ; 
oxygen is not set free, however, as such, but remains bound in part 
as a surface oxide, so that the regenerated graphite invariably 
retains 1-2 per cent of oxygen. Some direct oxidation to graphitic 
oxide takes place during the formation of blue graphite. Both 
modes of attachment of oxygen to the resulting graphite introduce 
hydrophilic groups. The treatment of graphite with sulphuric acid 
under oxidizing conditions is therefore particularly suited to the 
production of colloidal graphite. 

From the consumption of oxidizing agent in its formation, and 
from the structure worked out from X-ray data, it appears to con- 
tain about one HSO 4 ” ion per 24 carbon atoms. The total amount 
of sulphuric acid that can be washed out of the compound corre- 
sponds, however, to one 804 *“ ion per 8 carbon atoms, approxi- 
mately. It has, accordingly, been assigned the composition 
[C24]M1S04-.2HoS04. 

It is, indeed, a representative of a class of graphite saUs, 
[C24]+.X-.2HX, where X may be HSO 4 -, CIO 4 -, NO 3 -, H 3 PO 4 - 
or 4 H 2 P„ 072 -. They may be formed by the same general method 
as the bisulphate. An analogous fluoride, [C24]+.HFa“.4HF,^® has 
also been obtained by the anodic oxidation of graphite in the 
presence of anhydrous hydrogen fluoride. In principle, the forma- 
tion of these siilts, in which the graphite sheets constitute giant 
cations, is strictly comparable with the formation of the triphenyl- 

ion, ( 06 ^) 30 +, from the much smaller resonant 
aromatic system of the triphenylmethyl radicle, in the same way 
that the graphite potassium alloy is the analogue of the triphenyl- 
methyl alkali compounds. It is a characteristic of extended 
aromatic ro.sonance systems that they may function either as 
donors or as acceptors of electrons. 

The acid content of the graphite salts can be decreased in stages 
by treating the blue graphite with reducing agents or, very 
strikingly, with a suspension of graphite which is thereby itself 
converted to a graphite salt. The degree of swelling is dim inished 

at the same time, and runs exactlv parallel to the amount of bound 
acid. 


Hofmann and Frenzcl showed for graphite bisulphato that, in 
the stagi^ richest in suljdiuric acid, the HSO 4 - ions and H 3 SO 4 
molecules are introduced between every j)air of graphite sheets, 
thereby increasing the spacing from 3-4 a. to 7-98 a. (Fig. 64). In 


W. RiidorfT and U. Hofmann, Z. anorg. Chem., 1938, 238, 1. 
W. RiidorfF, ibid., 1947, 254, 319. 
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the graphite salts, unlike graphitic oxide, the variation in compo- 
sition during progressive reduction is not accompanied by a statis- 
tical state of homogeneity ; the degradation proceeds in discrete 
stages. Sulphuric acid is removed in such a way as to leave 



Vig. 04 .— Successive stages of rcluction of gr.ipi.ite piivMur.itc : ixaucta.u 
of graphite bi.^ulphate proceeds lu simulur singes. 

graphite spacings and widened spacings arranged in n gulai aria\ . 
thereby giving rise to several distinct stages in the s\\t mg process. 
In the first stage, every pair of graphite sheets has aci groups in er 
posed I at the second stage, every other pair, ami so through the 
reduction cycle. The c axis of the crystal, measuring the long h 
of the ‘repeat’ in the structural pattern thus progressively 
increases, and the process can be followed tlirough a uis ■ i\e 

stages. 

stage 1 c = 15-90 A. = 2 X 7-9S H-SO,- b.-ta-eon every i-air c,f 

® planus 

2 22-06 = 2 X (7-98 + 3-35) betw,-,-.! .-wry 2 .kI 

j>air of j)lanes 

3 29-44 = 2 X (7-98 2 x 3-35) b.-Uvev.. .-v.-ry 3r>l 

t>*i tr tilanus 


5 


42-92 = 2 X (7-98 4- 4 X 3-35) betw.-.-n w.-ry 5lb 

pair ol planes 

The behaviour of the other graphite salts is exaetly smular. 

[V] Carbon Monofluoriae.-Iu reeent ‘ 

chL^try of fluorirre. tl.e eleetrolytic -''‘'.'‘-'“y , 

used by Moissan has been modified l.y U.e f!'';” 1 i v 

electrodes for the costly platinum-iridium user um 

p. 352). It has fre,,,.eutly been observed ti.att .e 
of fluorine is attended by a ctuisiderable swy m,., t - 
electrodes, and by a large increase m ^ 

Such effects are occasionally accompanied y le 

violent explosions. 
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Investigating the origin of these phenomena, Ruff and Bret- 
Schneider found that at fairly low temperatures, and especially 
at low pressures, both graphite and amorphous carbon (i.e. finely 
crystalline, disordered graphite) absorb fluorine without igniting. 
A grey hydrophobic product, having the limiting composition CF, 
is obtained from graphite at temperatures below 500°, or from 
norite, the least crystalline form of carbon, at 280—450°. This 
carbon monofluoride varies somewhat in properties according to 
the kind of carbon used for its preparation. According to Riidorff,^^ 
this is because the reaction comes ncarlv to a standstill before the 
ideal composition is reached. Material brought to the composition 
CFo-om was silver- white in appearance, and transparent, having lost 
all the quasi-metallic properties associated with graphite. It had 
a specific resistance 10® times that of graphite, and its formation 
and subsequent decomposition account for the phenomena observed 
in the prejjaratioii of fluorine. The compound decomposes explo- 
sively wlien it is heated, that obtained from graphite yielding the 
volatile fluorides CF^ and CgFe, in addition to free carbon. The 
carbon monofluoride obtained from norite yields decomposition 
products with a lower mean ratio of C : F than that from graphite, 
and amongst the volatile fluorides identified by Ruff and Bret- 
sclmeider was the unsaturated C 2 F 4 . Carbon monofluoride docs not 
react with hydrogen at -100°, proving that the fluorine is combined 
chemically, and not adsorbed ; it may be reduced, however, to the 
original form of carbon by means of zinc dust and acetic acid. 



tiG. 05. — The structun^ of carbon monofluoride* 


Ihe low roactivity ot the Huorina, tlxe j>hysical properties of the 
aiul its clieiiiicuil inertness as compared with the graphite 
siilts all point to a quite diflerent constitution. The composition 
(-■F would ])crmit of every carbon atom being covalently bound to 
fluorine, and to its throe carbon neighbours. All vestige of aromatic 


Z. anorg. Chem., 11)34, 217, 1. 
Ibid.. 11)47. 253. 281. 
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cliaracter would thereby be lost ; the carbon atom would then form 
tetrahedral bonds and the originally planar graphite sheet would 
give place to puckered sheets of carbon atoms, with 
alterLtively above and below the sheets (I'lg. 6 o). This “nstitu 
?i“n general accord with the increase in volume produced by 
the formation of carbon monofluoride, and the increase in len 
of the basal plane spacings and the c axis spacing as fluoriuation 
proteds tL constitutfon has. however, not been unequivocalli 

“^“Mole^ci^ia: CoX:ulT:f Graphite with Bromine and 
Ferric Chloride.— As well as reacting aiiiomcully towards tie 

MvhT-l-^ve m^iTr wi;hr mui^mhcS:^: ' Tl^^pUs 

graphite '^-.nide ; it is to be ,nesu.ned^t^^^^ 

distitmt stag, of — ^1 b^iat^i can be o^^vcd, i oric , 

i^^,^ in ^ic^h Jde, wiUi -“s illtmduc.l 

u“ either 'h^lysed 'not Ij.v treatiiieiit with a.pieous 

solutions, and is resistant fowards reductn ^ 

As with other graphite oompoun Is the b r...^^_ 

produces swelling anil incriase ,, ........s is im reased to 11 I A., 

The spacing between sheets of oot'-- Tlie 

allowing space for the incorpo . ^ li',.('l nuilcciile 

dimensions of the graphite s “tc • i.|,l„iide that could 

suggest that the largest concentration < I- 1. I 

be accoiiiniodated by close u of accord with the 

one FCUI 3 for 6 C atoms, a composition I ,, 

observed compo.sition of .stage . | jj ’, position C,...l''cCl 3 . 

Exhaustive leaching leaves a residue 1 J; ’‘J’ 'l, 

in which the ferric cliloridc is \crv ‘ j ..iiito above 410°, 

by volatilization, to form stage .1 at ,!li 0 .md grai 
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but its latent heat of sublimation (61 k.cal. per mol.) is nearly twice 
that of free ferric chloride (32 k.cal. per mol.). 

It has been suggested that this compound can be compared with 
the addition compounds formed by ferric chloride with aromatic 
hydrocarbons, and attributed to the polarization of the 7r-electrons 
of the structure. However, the formation of the graphite complex 
is remarkably specific, since CrCls and even AICI3, which readily 
forms aromatic addition compoimds, show no evidence for swelling 
and absorption with graphite. 

Non-Stoichiometric Compounds. — We have seen in this and 
the preceding chapter that variability of composition is not infre- 
quently encountered amongst the intermediate phases of metallic 
systems, and amongst the quasi-metalhc adamantine and graphitic 
compounds. We are, accordingly, accustomed to accept as com- 
pounds those phases which have structures distinct from those of 
their components, even though in a few cases the idealized formula 
lies outside the range of stable existence of the phase. It is less 
familiar that this behaviour is not peculiar to the metallic state, 
but is observed also amongst compounds of essentially ionic type, 
such as the metallic oxides. Any crystalline compound built up 
from discrete molecules, identical in the solid and in the vapour (or 
solutions), necessarily has an invariable composition. Amongst the 
generality of inorganic compounds, however, based as they are upon 
co-ordination structures, compounds of fixed composition are prob- 
ably to be looked upon as a limiting case, and not fundamentally 
distinct from the grossly non-stoichiometric compounds. 

This outlook accords with the quite general conclusions reached 
by applying statistical thermod>niamics to the equilibrium in a 
crystal lattice.^* In a compound AB„, the concept that every atom 
is on an a])propriviT.e lattice point, and every lattice point tenanted 
by the riglit kind of atom, is an idealization of the real crystal — 
representing the ocpulibrium sUite at the absolute zero of tempera- 
ture. In the real crystal, at temperatures above absolute zero, the 
thermal vibration of the atoms makes possible the occurrence of 
lattice defects ; it is nece.ssary to take into account the interchange 
of A atoms and B atoms between their proper lattice positions, the 
location of atoms of A or B in interstitial positions, or the existence 
of vacant sites, from which A atoms or B atoms are missing. In 
ionic compounds, any interchange of A for B is highly improbable 
for energetic rea.sons, although as has been seen, it is important in 
metallic phases. Tlie other two types of defect may, however, be 
present, and are in fact involved in those phenomena — e.g. ionic 
coiulucti\'ity and chemical reactions — which are associated with 
“ W. Schottky and C. Wagner, Z. phys. Chem., 1930, B, 11, 163. 
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"p“ ‘y “>■ “'“' “■* ”"■ 

. cyffc. pi.>- !»• •>'• “ “S”'; 

pod.l.n.'.h.^ .« X“‘“ 

i'£ Su. .i“,.mi,. T 1“ “sr'iS 
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vacant amon sites must be eq • - jju excess 

concentrations of the two types ^ ^ . compound of the 

of one or other component. In this ^ non-metal B 

ideal formula AB could mcorpor< concentration of inter- 

either (a) through tlie preseuc j t interstitial solid solution 
stitial B atoms than of vacant B A sites 

type phase), (i>) by having a ig er c o ‘ sites 

than of interstitial A a^-s and ^ ^ 

than vacant B sites. 1 lie last r ^._fi>. thev arc sometimes 

deficiency of A rather than an exces-. of B , the) arc 
termed subtractive solid solutions .,„,,ition is hivlier 

The potential vacant sitJ can be regarded 

than that of an ion on a lattic . . interior of the 

as produced by ,irface The creation of a lattice 

crystal lattice to a position on the ^ linwevor, 

deict of either tj^e i« thus 'nf vacant sites or 

if a crystal contains a .^][ the lattice sites 

interstitial atoms the can be accomplished in a htrge 

or interstitial positions introduce a certain ian<loin- 

number of different ways. configurational eiitn.py b. 

ness into the , although formation of .U b’cts raises 

Calculation shows, in fact, that altboug an ideal 

the total energy H, the free U jrreater tliaii that of 

crystal lattice at T > 0“ K ^i^tratum of latlic 

a crystal lattice containing corresponding to the slate 

defeL. The equilibrium ^xpouent.alls- 

of mmimum free tlie producing 

With rise of temperature, an - ^ ■ (^mpreheiisible that 

defects enters into the exponential factor, F 
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the concentration of lattice defects may vary widely from one com- 
pound to another. In purely ionic compounds of fairly high or very 
high, raelting-pomt, such as calcium oxide or potassium chloride, 
the equilibrium concentration is infinitesimally small at the ordinary 
temperature. Even in these cases, however, it is probable that 
the concentration may reach significant values at temperatures 
approaching the melting-point. 

The foregoing considerations apply to a compoimd of ideal 
composition. In an ionic compoimd, at least, deviations from 
stoichiometric composition are contingent on the possibility of a 
valency change on the part of one or other component. If this is 
energetically permissible, an imbalance between two sorts of lattice 
defects can be created by a reaction between the crystal and its 
environment. Thus, if a compound MX is in contact with the 
vapour of the non-metal X 2 (s.^. cuprous iodide in iodine vapour), 
there is a mechanism for creating vacant cation sites without 
changing the concentrations of interstitial cations or vacant anion 
sites, pro\nded that the ion M can increase its valency. Thus, at 
the surface, equilibrium is established in the processes 

M+^M++-hc 

^Xo gas + c (at surface) ^ X" (in lattice site) -f cation vacancy. 

A stoichiometric excess of the non-metal X is thereby built into the 
crystal, and a corresponding number of cations undergoes an increase 
ill valency. Alternatively, a stoichiometric excess of metal can be 
brought about by lowering the valence state of a proportion of the 
cations, through removal of X atoms from the system: 


(on lattice site) -1- iM+ (on lattice site) 




^Xj -f M® (interstitial) 




^Xg -j- (in lattice site) 
anion vacancy. 


The valence change involves a change in the total energy of the 
.system ; the lattice defects simultaneously created will raise the 
entropy. As before, the equilibrium conditions can be worked out, 
and it emerges that the concentration of lattice defects of each kind 
depends on the partial pressure of Xg (or of i^I) with which the 
crystal is brought into equilibrium, as well as on the temperature. 
The equilibria indicated above are shifted by a change in the vapour 
pressure of Xo. and at any temperature the ideally stoichiometric 
coinptmnd MX can exist only under specified conditions. 

As a deduction from thermodNTiamic reasoning, this conclusion 
should be of general validity. In practice, observable departures 
from stoichiometric composition are found only in compounds 
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fulfilling certain conditions. In the first place a valence change is 
involved. A decrease in valency is possible for any nation e%en 
for the inert-gas type cations, such as K+ or Ca- . It maj be 
expected that even compounds of the most electropositive metals 
—e.g. CaO— might form metal-excess phases ; this mat perhaps 
be true for oxides such as lime at very high temperatures, but there 
is only scanty evidence on this point. In order that an 
non-metal may be incorporated, it is iioce.s,,ary for ^ ‘ » 

cations to undergo an increase in valency, and for energetic re. i.so iis 
it may be expected that this type of .leviatioi. from idea <^<>"‘1;; " “ 

will be encountered chiefly amongst compounds of the, transit on 
metals. It is necessary, moreover, that /'-“-tio n o lattu 

defects in the ideal compound should be not too ‘ 

process and that the sizes of the ions m the two vahnce i>tates 

Luld be not too different, so that the crystal lattice 

to the point of collapse. The nett effect of these re»trict ng f. c or» 

is that non-stoichiometric polar compounds are 

amongst the compounils of the transition _ ""!“t.wec er iom e 
polarizable non-metals (e.g. sulphur). “re are, „t.,L 

striking examples amongst the oxides o the transition metals, and 

a few systems are briefly discussed below. ctoichio- 

The nature of the lattice defects giving rise Jo 

metric character can frequently bo ascer ^ ,...]^.,i|;,tcdlFrom 

observed density of the solid coinp(nind wi i • • ferrous 

X-ray measurements of the umt cell 

sulphide, nominally FeS, actually exists over the ^ 

^i^^i snipi^ur atoms, the 

increase with the sulphur content. compo.sition, hut 

of variable composition usua ll a U ^ a.msitv of pvrrhotitc 

when allowance has been made for tli . , .1 If altcrna- 

should increase markedly with its su p lur ■ j ’ j| 

tively, the phase is actually <lcfic.eut m irnm - 
could be assigned the average foimu a . 

should be a progressive diminution in density 
increases. The observations of HaW SuckMlorf 

• doubt that the latter interpretation is coi rec r. selenid.-s 

The ferrous sulphide system is ^p-1 ti- 

and tellurides of the , mx .structure, or cadiniuni 

compounds ; they possess „i,h large pulanza- 

Uorre^^Tn" fr”;nenU;. have metallic luct.vlty and 
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magnetic properties. As has been stated, however, the same metals 
form non-stoichiometric oxides also. Thus it is reinarkaWe that 
stoichiometric ferrous oxide is non-existent. It was first observed 
by Schenck and Diugmann that the compound regarded as 
ferrous oxide (known as wiistite), which exists in stable eqmhbrium 
with iron or magnetite only at temperatures above 580 , invariably 
contains at least 5 atoms per cent of oxygen more than would 
correspond to the formula FeO. A recent careful study of the 
phase equilibria in this important system 22 confirms that wustite 
e.xists over a composition range extending at 1400 ° C. from heUi.055 
to FeO,. ,9. The stoichiometric oxide is thermodjmamically un- 
stable with respect to a mixture of metallic iron and FeO, .055. As 
with ferrous sulphide, the departure from ideal formula arises from 
the omission of about 5-15 per cent of the cations from the crystal 
lattice, and the conversion of a corresponding proportion of Fe-+ 

cations to Fe2+ cations . *3 , • • r 

Ferrous oxide is of considerable interest in that the variation ot 
composition has been studied under well-defined conditions of 
equilibrium. There are other examples of transition metal and 
heavy metal o.xide systems in which there is undoubted evidence 
for the fiirmation of non-stoichiometric compounds, but less cer- 
tainty that these represent thermodynamically stable species. To 
this category belong the oxides formed by manganese, 2* cobalt ,23 
nickel, 2 Q ura'nium 2^ and lead. Even for so familiar an element as 
lead, the intermediate oxides formed in the oxidation of PbO and 
the degradation of VhO^ present a confused and little-known picture. 
It is. liowover, clear that in addition to the well-defined oxide ^>304, 
of definite composition, there are at least two non-stoichiometric 
intermediate phases. 2® 

Some, of these compoumls, formed as they are by processes ot 
oxidation or degradation at relatively low temperatures, may be 
m«‘tastable, and may break up into stable, stoichiometrically 
invariable oxides when they are heated to temperatures high enough 

Z. unonj, PJ27, 166, 113, ^ 

-- L. S. DarUfU ainl U. \V. CJurry. J. Amtr. Chitn. Soc.. 1045, 67, 1398. 
aiul Footo, ./, Cht m, 1032, 1, 29. 

!>. HoUrnnaiin, Chint.. 194U, 14, 121. 

M I A* Ulaiu* ami K. Miibius, Z. Chiw,^ 1929, A, 142, 151. 

M. \.v Ulanound H.SachsD, Z, Kh ktroclum.. 192l>. 32,58. 204 ; W. KJeium 
,tiul 1). Ha->, Z. ttnonj, 1934, 219, 82. 

\\ . Fall/, aiul II. Z. 1927, 163, 257 ; J, Anderson 

.ujil K. 15. Alboniuuu 1949, 8. 3o3. 

^1, l>lan<* and K. Kla rius, Z. phf/s. Cktm., 1932, A, 160, (59 ; Cb L. 
rhirk ami U. IJowan, ('/urn. Ni>r., 1941, 63, 131^5; A. Bystrom, 

ArLiv 1945, 20, A, No. U ; E. Katz., Ann. Chim., 1050, 5, 5. 
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to permit of the occurrence of diffusion and recrystaUization. This 
is the case with the lower uranium oxides. ^iprtrifitv 

except at high temperatures when they become lomc conductors 
through mi^atioh of ions withm the crystalhne 
although in such a compound as chromjc oxide, CrA, 

unpaired electrons in the partly filled <f ® s 

metal ions, these electrons are not mobile. In ^ 

tive electron model of the solid state, the energt 

represented in Fig. 09 d, with a wide energy gap 

Vild energy levels (essentially atomic levels) di 

states in which an electron can migrate from " d'. 

excited state, and the conduction “'P^-^^'d^partr.! from 

solid at the ordinary temperature. If U . ‘ The 

stoichiometric composition, the foregoing is states 

presence of cations of the same element 

and in crystallographically equivalon therrwill be points where 
a lattice row of ions in the cr>stal bv ions of 

there is either an '"'*.‘•'*1"^“, oft sites occupied bv ions 

reduced valency) or a dclicit of cltctroi . ( ,..,,„,,f,uiuls^ Thus 

of higher valeLy than t.Uo.se proper to 

along a lattice row of cations m Fc i-hj ( avera‘'c is 

T 7 p 3 + \02-i every tenth cation, on the a\cia^e is 

as (Fc^+o.gjFe o o95)b> )• ,,ni<itive hole ’ or iioint from which 

a Fe8+ cation, and represents a P ; lackin" The points of 

an electron can formally be regaid ^ i/ko in the case cited — 
abnormal electron density—the posi ive electron 

can move by a proce.ss involving onl> ^*.,,,0 the total energy 

from one atomfo its neigliboiir, and at .\.f ,pe 

Of the system is identical, and represents the loNscst emr^> 

system ; e.g. 

Fe2+ Fe^*- Fe^*' Fe*^ Fe'^ ^ p,... 

A certain excitation energy may lioltzmaim 

potential barrier to bo traversed, ....onc^rtiou of the electrons 

distribution of thermal energies cause. I . or even 

or positive boles to be mobile of iiou- 

at the ordinary ‘'-■‘"I”-'"*''";- ar„ .-K-et runic semieuiidiietur.s. 
stoichiometric compouiiils that , | sulliees. 

^Jfff.ri'rtatlf^lfe to^^r fi^^ r'verslble loss 
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of oxygen from the compounds, in the manner considered in a 
previous paragraph ; they are accompanied also by the development 
of semi-conducting properties. Even the more refractory oside^ 
such as alumina, become semiconductors of t^ t)rpe at high 
temperatures, and thus evince some evidence that ihe view developed 
above provides a valid model for the equiUbrium of a real crystal 
with its en^d^onment. In accordance with the theory, the conduc- 
tivity of semiconductors of this kind varies systematically vuth the 
partial pressure of oxygen (or other component) with which eqm- 

librium is established. v i. 

Althouc^h minute changes in composition have tms enect on tne 

electronic^ conductivity of ionic solids, particular mter^t attach^ 
to certain systems in which the concentration of potentially mobile 
electrons becomes comparable with the number of cations in the 
system Such a substance should approximate in certain .respects 
to the properties of a metal. Bv reason of its unique structure, 
this is true for example of the spinel FcgO^, which has a conductivity 
comparable with that of metals, and several orders of magnitude 
higher than that of or Ni 304 , which di0er in their structure.-® 

The same unusual character is found in certain derivatives of the 
intermediate oxides of tungsten, the tungsten bronzes. Because of 
tlic fuller studv these have received, and the manner in which they 
may bo correlated with the crystal chemistry and general chemistry 
of the heavier transition elements, these compounds justify a fuller 

discussion. 

The Tungsten Bronzes and Tungsten Oxides. — It was dis- 
covered by Wohler in 1824 that the reduction of acid so(Rum tung- 
state by means of hydrogen at a red heat yielded a chemically inert 
substance with a metallic, bronze-like appearance. Similar products 
have since been obtained by numerous workers by heating various 
mixtures of sodium, potassium or alkaline earth tungstates or 
polytuiigstates in hydrogen, by electrolytic reduction of the fused 
salts, and by tlic reduction of sodium tungstate with tungsten or 
sodium in an inert atmosphere. The products of these reactions 
vary in colour and composition, according to the conditions of 
reduction, but can all be represented by the general formula 
RcO.JiWOa.WOo, where < 1. 

These so-called tungsten bronzes are intensely coloured, extremely 
inert substances with semi-metallic properties : their density is 
high, and they are good conductors of electricity. 

Wtw »'V and H.^ayinann, J. Chein. P/tys., 1947, 15, 174, 181. 

See Mfllor, Comprehctisivc Trefitise, Vol. XI, p. 750 ; Spitzin and Kasch- 
tanotr. Z. anorg. Chcvi., 1925. 148, GO; 1926, 157, 141 ; Engels, ibid., 1903, 
37. 12.7. 
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The earlier workers attempted to correlate the variations m the 
colour of the tungsten bronzes with definite ratios of K.O . 3 - 

postulating, for example, the stages 


Na^W^Ois 
blue 


tivUt 


Na^M'aO, 

ted 


-►Na 2 M 2 O 5 

•j^Uotr 


The variation of colourand of density with the “.npos.tion of the 
bronzes is, however, quite continuous, and provit 

for the occurrence of dist.nct stages f on nosd on is 

has been shown by Hiigg that var.abd.ty 
indeed, an essential characteristic of cojnP‘''tna.s. Jho sod 
bronzes Na.WO,. where x varies from 0-9o to « 

in the cubic system, and the change m Priims 

paralleled exactly by a slirinkagc of the cr\b a t compounds 
about the observed changes in the density of the compounds 

(Table 3). 


NftxrWOj 


a- =* 0 93 
004 
0-4C 

0-32 


Table 3 

goldiii-yellow 

oraiigc-n-d 

rt’d-violft 

dark blue-violct 


a 3'8<j0 A- 
3 834 
3-825 
3-813 


It seems that Na^.^WO, is the bronze rwhest 

be prepared by direct reduction, since this Thus 

tungstate in equilibrium x \\'03 liold mixtures of 

this bronze and sodium tungstate on re.luctio f ^ 
whereas if . is 1-4^, controlled -'f ^ i^obu 

to a lower bronze, as the only jiroduo . v? t»*i«-e of the cubic 
from Na^WO^ + 2 \V 03 . The lower limit of existi ine U 

tungsten bronzes is close to Nao.3s 3- it evident 

that one end member of the should 

quinquevalent tungsten. In Pf- ' - bronzes apiiroiu hing 

be incapable of attainment, but br ^ lu^ver bronzes, 

it can L prepared by the action cubic 

The lower limit of the solid bolutiun- ^ solutions ’ 

form of WO3. Since neither avoided, the 

has any certain existence thi:, tern . ['? j^^^tric idiase as in the 

compounds being regarded as a non-s tungsten 

chemistry of intennetallio ner ovskite stru.ture of NaWO., 

bronzes are derived from the ideal | 

Nature, IDS.'i. 135. 874;^. It. Seh.iiek iind I. U;il>c-s. 

»> D.van Dayn. Jiec.Trav.C/itm., 11)42. 61. noi . 

Z. arwrg. Chern., 1049, 259, 201. 
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by the simple omission of sodium ions from the crysUl lattice. A 
corresponding number of ions are raised to the sexavalent 

state W®+ in order to preserve the equivalence of the total aniomc 
and cationic charges, and it is to the simultaneous presence of 
tungsten in the quinquevalent and sexavalent states that the deep 
colour of the compounds is due. The association of a deep colour 
vdth the presence of the same element m two valency states is a 
well-kno^m phenomenon which is referred to m several other places 

in this book. . , . 

The conversion of the bronzes into materials richer or poorer m 

sodium, and most of the chemical reactions of the compoimds 

turn upon the remarkable mobility of sodium in the crystal lattice. 

They are insoluble in water and resistant towards acids, being 

read'ily attacked only bv hydrofluoric acid. They are, however, 

rather easily oxidized to tungstates, even by atmospheric oxygen 


INaWOa -r iNaOH -r O. — > 4Na2^VO^ -f ’^^ 2 ^ 

They are able to reduce ammoniacal silver nitrate to metallic silver. 
At elevated temperatures they react as if subject to the equilibria 


Xa^ -• W'O^ 
XaAVO. r WO3 


Xa® 4- 

XUi'WOa, a deeper coloured bronze. 


Ju.st as, in the presence of free sodium, the lower bronzes are con- 
verted to compounds closer in composition to Na^V 03 , so acceptors 
for sodium, such as iodine or W O 3 itsell, can abstract sodium and 
degrade NaW (>3 progressively. The transference of sodium from 
tungsten bronze to acceptor or vice versa may take place through 
the gaseous j)hase, but the high diffusiou coefficient of sodium within 
the crystal lattice of the tungsten bronzes enables the reaction to 
take })lace progressively an<i homogeneously throughout the mass. 

Ry using icxline to degrade the brtmzcs progressively, Straumanis 
has been able to investigate the compounds Na^^^ O 3 over almost 
the (‘iitire range t ---■ 1 to x == 0. The essential structure throughout 
is built up of \Vt>G octohedra, linked by sharing their vertices with 
adjaiamt WO^ octohedra, and so constituting a skeleton with the 
composition WO 3 and an anionic charge. In the interstices of this 
skeleton, the sodium atoms are located. The ideal Na^V 03 there- 
fore lias tlie percfvskite structure typical of ABO3 compounds in 
which the ituis A. 11 and 0-" have the appropriate sizes. This 
c.ui*ic crvstal lattice remains stable even although up to approxi- 
mately 70 ]H'r cent of the sodium positions are vacant, although 
tlie removal <.‘f sodium causes a progressive shrinkage. If more than 
70 per cent of the sodium ions are (.Iropped out, the distortion is 


M. E. Straumanis, J. Amer. Chem. Soc., 1049, 71, 679. 
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saoh as to destroy the cubic symmetry, and tungsten bron^s 
crystallizing in lower crystal systems are obtamed. It ^ '<1^" 
that the hypothetical lower lun.t of the ser.es 

composition WO 3 , containing on y Voc^to 

Dossess the crystal structure observed in KeOa- Ihcre is oct 

hedral co-ordination of oxygen atoms round the 

oxide itself and the cell dimensions are similar to those ot KcUa 
ofletmgsten bronzes, but the WO^ octohedra are distorted, so 

that WO 3 crystallizes in the trichmc sy.stem _ 

There is, however, a continuity of "7, ’ 

and the bronzes for which x is ess tluurnrbom Cf3 

lowering of symmetry. At about x - ’ , ^,,,ii'„,n cm be 

of blue tungsten bronzes is formed, from w ik . y 

further abstracted, down to the composition , 

new phase appears. This and the substances still 

(e.g. Na 3 „ 3 W 03 ) appear to ddbuction 

oxides, for they can be sublimed \Mthout cUan„ ,„ ,bK- contain 

pattenis are similar to that of >' tJa, hue 1 . ture. 

sodium and quincpicvalent j "J,u|,K.x intermediate 

They may, perhaps, be correlated \s th the (oi • 

ox^es formed in tl--! action^ 

We cannot assign tlie W and .. ., 11 1 ho tiin"'iTen 

positions in the crystal >' 7 !; 7 ;; 77 ;":;.tnc;"eiertro.:carri..,l l.v .be 

rn ita^ "by :>:ro4bo;a y:;;;: 

inexactly the same manner as arc the \alcm\ inelallic. 

crystal, thereby conferring on the tung-'iteu ^ 

optical proper 4 s ami electrical conductivity 

ions thus become equivalent by a ]Uoiess o u \V()., tt) 

The intermediate oxides formed m '* 

bronze. NaWol should formally be denv.l 

Wohler^* found that the oxide reganhi a. > ^ hiriuiit 

tainedmore oxygen than accords with t ha ■ ..Indies in the 

assigned to it tlie fbrmula W.O. 

degradation of WO 3 (Schcnck and .liseici.aiK-ies 

The work of Glcmser and Sauer „o.s-^il,le t.. distiMCui-^h 

can be harmonized in part, and that ‘1 . , , hnve 

four oxides, of which the two ih^ernieiliate phases . tl- 

perceptible ranges nf hoiiiogeaeitw ^Vpliase 

/i-phase, WO..,,..~W().,.«„ /-phase, WO-;.; ' 

=»;5. ElMorJum., 11)22. 38. HO!) ami earli.-.- papn.^. 

]tcc. trav. Chim., HKJl. 
iJ. anorg. Cfu:m., 1843. 257, 144. 


have 

WO... 

wo.. 
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The v-phase thus embraces the compositions assigned to it both 
by van Liempt and by Schenck and Rabes. It is, however, note- 
worthy that in the comparable molybdenum oxide system the 
intermediate oxides have fixed, although unusual, compositions— 

Whilst these may be the stable oxide phases, the reduction of 
WO, by hydrogen displays some features of peculiar interest. 
Reduction by carbon monoxide or hydrogen at 800® jdelds the 
violet v-oxide, but it was found by Ebert and Flasch 3’ that when 
tungstic oxide was reduced at the ordinary temperature ^vlth 
atomic hvdrogen, the product was a violet oxide, having the same 
reducing power as authentic W4O11, but differing in crystal structure. 



The compound formed with atomic hydrogen was shown to contain 
hydrogen, and to have the composition W^OjoCOH),. It represents 
the first stage in the reducing action of atomic hydrogen as the 
direct addition of hydrogen to tungstic oxide. 

The degradation of this hydroxide by heat is very interesting. 
Ih-tween 10(J® and 500°, exactly two-third.s of the combined water 
is lost (Fig. GO), whereby a new phase C is formed, having the 
cimipo-sition W, 2032(011)2. The continued simple dehydration of 
this would yieldM^Oii (pha.se D) ; above 500°, however, hydrogen 
is evolved as .such, the final jiroduct, E, being a mixture of WO3 
and ^\^lOn- intermediate stages between .<4 and By the phase R 
is present over a wide range as a honK>gencous, but not stoichio- 
metric, pha.se. During the final degradation process CE, Ebert and 
Flasch identified the {iroducts, by X-ray analysis, as containing the 

3* Z. anorg. Chem., 1034. 217, 95; 1935, 226, (35. 
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phase B -f but, remarkably enough, neither the phase C 

(supposedly W,,03.(OH),) nor free tungstic oxide ^\ 0 ,. Con- 
siderable doubt is throum thereby on the existence of \\ 
as a separate entity. Ebert and Flasch, ^ 

phase R as a mixed crystal phase of M O3 with W iO^oiOK)^, a 

interpret the whole sequence of reactions as 

4 WO 3 -f 2H \V,0,o(OHh B limiting composition) 

3W40io(OH)2-j- Wi2032(0H)2-r 2 H 3 O (phase C) 

■Wi2032(0H)2 — 3 \V.,Oa + H3OI (reaction CE) 

W40n + H 20 -^W 03 + Ha i . ^ ^ 1 

The facts cited-the very limited existence of phase C the « ide 
range of existence and reappearance of phase B where pha.e C 

should be found, and the non-formation of 3 , Flasch 

line C£-makc this interpretation dubious As Ebert and Fla^h 

have pointed out, phase B can he regarded, 

phase of variable composition NVjOij 'iHj, ^ hvilroven 

possibility is not excluded that this may e s ri ) .ni.'rht well 
inalogue of the tungsten bronzes; such 
degrade by reduction of the tungsten below oOO , ® 

reducing action and direct loss of hydrogen at h.gl or * ^ 

This view has been endorsed by Glemser -y''’, V. 
that although, as stated, \V03 is re.luccd f ‘ 

the p- or r-oxide under reduction pCd.icts quite 

Two substances, clesi^mated as phases Cp o„a the latter 

1 ^ • 4. n w pnnvertc<i to Ci, ana vur 

^hie 

both c and C3 to the _y-oxide and ult™ 

srimer/yid::;:' ra. -t.t't '^mpe“ 

the last portions (O-O per cent) '"^.^,,"”lVoxide ' Gle,..^ 

approaching 1000 °, in the coar.-'O of to . , . ,..iih the phases li 

and Sauer identify these .substances ten a ive ^ ,j,j (PpVac- 

and C of Ebert aiul Flasch, t>-;->‘«b Gi.s rs not p. r'» 
tion pattern of C, has been mterpr 1 „f ,1,0 

and the cell dimensions are not ^ ^ confirmed, it can be 

tungsten bron/es (a = a.;. stabilized by the loss 

regarded as the bypothetica culuc 03M>ut^sU , 

of oxygen and presence of hjtlrti^t . althou'di as in 

substance to the tungsten tes) it must be Lsiimcd 

other quasi-oxyacid systems {e.g tlm silicates) t nu 

that hydrogen is present in a localized 

mobile as are the cations of the tungsten bronzes. 



CHAPTER XVII 


REACTIONS 


IN LIQUID AAIMONIA AND OTHER 
NON-AQUEOUS ilEDIA 


The chemist is so familiar with water as a medium in which to 
study ionic reactions that he tends to overlook other POs^ble 
solvents. There are, however, a number of alternatives. Of these 
liquid ammonia has been the most fully investigated, but liqiud 
sulphur dioxide, anhydrous hydrogen fluoride, hydrogen sulphide, 
hydrogen cyanide, bromine trifluoride, iodine and other substances 

can all function as ionizing solvents. 

The property common to water and the other systems mentioned 

is that of ionizing to a certain extent when in the pure state, and, 
as a result, of conducting electricity. The most probable modes 
of ionization are shown below : they wUl serve as examples. 


2HoO 

2Nii3 

2S()^ 
211 F 


(HgO)^ + OH- 
-f- NH„ 
^ (SO)^ - 

(ILK)* - K 


SO3- 


2H2S 

2HCN 

2BrF3 

2L 


H3S+ -f &H- 
(H„CN)+ H- CN* 

L BrFj 

1+ -f I3" 


In these equations the hydrogen ion derived from water has been 
represented a.s associated with a water molecule, forming the ion 
(1130)^ . The counterpart of tliis ion in liquid ammonia is the 
ammonium ion (NIIJ-, while that of hydroxyl is the (KH^) ion. 
In liquid sulphur dioxide the thienyl ion. (S0)-+, is the cation and 
(SO3) • the anion. Similar analogies with water hold throughout 
the series. A.s will be seen when these systems are discussed m 
greater detail, substances which dissolve and ionize to give the 
cation cliaracteristic of the solvent may be regarded as analogous 
to ac-ids in the water system. Similarly if the solute yields the 
anion of the solvent it will function as a base. For example, 


* Mmh of the on liquiil ammonia as a solvent given m this 

chapter is derived from IC. C. Franklin’s admirable monograph 
Su^loii of CompnumU (.\nu riean ('hemieal Soc-iety Monographs Senes, No. 08). 
A more neent review (*f the licld is given in G. Jaiider's book. Ihe Chemxt 
in Wa.-^MruhnUchtn LwitngsmiHtln {Springer A'erlag, 10411). aUo Watt, 

Clum. Rev., 1050, 46, 289. 


502 



REACTIONS IN LIQUID AMMONIA o03 

solutions of ammonium salts in liquid ammonia will be analogous 
to acids in water, while metal amides wiU correspond to bases. 

Ji'aUr 

A -j- HCl ^ H+ + Cl“ NH.Cl — Cl“ 

koh - k+ + oh kxh, ^ k- .nh,- 

Liquid Ammonia.— The solvent action of liquid ammonia 
extends to a remarkably large number of inorganic substances - 
The alkali metals dissolve reaiUly and may be recovered unchanged. 
On keeping solutions of rubidium and casaeum, however the amides 
are formed slowly. The alkaline earth metals also dissolve, but 
the residue on evaporation of the solvent consists of the ammoniatcs 
falNH i SrlNHd. and BaiNHjls. Mo.st amnionumi salts are 
fredy solubt‘ld metal amides are moderately soluble. A.nong 
other metallic salts, a few chlorides (e.y. NaCl 

bromides are as a rule more soluble than chlorides and the majority 
of metallic iodides are more or less soluble. SIos fluorides are 
insoluble as are oxides, hydroxides, sulphates, carboiiate.s phos- 
phates and, in general, sulphites. Nitrates, nitrites, Y';'''' 
Aiocyanates on the other hand are mostly soluble. ^ mral nr of 
inorganic substances undergo solvolysis with hqind ammonia, t.t. 

ofTrganic coiiipoiiiuls in liquid a.iiinonia has also 

heen extensivefy studied. The parallin hydrocarbons 
insoluble at - 33^ and aromatic hydrocarbons have a Ion\ solu 
bilitv Aniong the readily soluble substances are certain alcohol.-, 
Ld pheils, halogen derivatives of aliphatic 

esters, and many ketones, amines, nitro compounds and sulph 

^'^It^is convenient at this jioint to interpo.so a few words about the 
type of apparatus which is commonly use.l m studying reactions m 

Uquid ammonia.3 The boiling-point ^ f 

— SO that it is necessary to work at low tc mpi-iatur*^ ii 

relatively high prc,ss,ires are to be avoided. 
available commercially in cylinders am tan • 

ly— ^ 

peratures are to be ^^ ' ^ .',0 inverted U-tiibe, and then nii.xed 

3 Cady, J. P/,ya. C7,«„.. 1897. *.707. Franklin and ICranse, dnnr. J.. 

a ^11 of •tiyii^iiea, are Fninkhn, „J,. rh., p. 917. 
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product by evaporation. Certain reactions have also been studied 
in sealed tubes under pressure. Similar methods are available for 
sulphur dioxide (b.p. — 10 - 0 °). Measurement-s of electrical con- 
ductivity may be made in apparatus of the usual type placed in a 
suitable low temperature bath. 

The ionic reactions taking place in liquid ammonia are similar in 
many respects to those which occur in water, but some striking 
anomalies exist OK’ing to differences in the solubility in the two 
solvents. Thus, for example, if liquid ammonia solutions of calcium 
nitrate and sodium chloride are mixed, a precipitate of calcium 
chloride forms because this is insoluble in liquid ammonia. Chlor- 
ides of several other metals may be precipitated in the same way 
from solutions of nitrates by the addition of ammonium chloride. 
These are true ionic reactions. Liquid ammonia solutions of 
ammonium bromide, iodide, clironiate or borate give similar pre- 
cipitation reactions with solutions of the nitrates of a number of 
metals. Ammonium sulphide, dissolved in liquid ammonia, is also 
a useful reagent, and will precipitate the sulphides of the alkaline 
earth metals, magnesium, zinc, manganese, nickel, cobalt, cadmium, 
lead, silver, mercury, bismuth and copper from nitrate solutions. 
Some of these sulphide precipitates are identical with those obtained 
from aqueous solution, but in the ca.se of magnesium the precipitate 

has the composition 2 MgS.(NH 4 ) 2 S, 9 - 10 NH 3 . 

Solutions of Metals in Liquid Ammonia. — The alkali metals 
give blue solutions in liquid ammonia which conduct electricity 
well. In dilute solutions of the allcali metals it is believed that the 
positive ion is that of the metal and the negative ion a negatively 
charged ammonia molecule or group of such molecules. ■* 

The alkali metal solutions are fairly stable but the change to 
metal amide and hydrogen {3M -|- 3 NH 3 = 3 MNH 2 -{- Hg) is 
stronglv catalysed bv certain metal-s and metallic oxides {c.g, Pt, 
Fe, FfoOg) and also bv exposure to ultra-violet light of wave- 
lengths'bctweon 2150 and 2550 A.^ The alkali and alkaline earth 
metals are also soluble in certain amines of low molecular weight, 
but reaction with the solvent takes place more readily than in the 
case of ammonia, the products being hydrogen and the substituted 
in(*tal amide. 

The reactions of metal solutions in liquid ammonia have been 
extensively studied.® Tj-pical instances of the reactions with ele- 
ments are shown in Table 1. 

* Jander, op. cit., p. -n. 

^ Ofig, Leighton and Bergstrom, J. Amer. Chcni. Soc., 1933, 55, 1754. 

* iSVe Fernclius and Watt. Chem. Revieu's, 1937. 20, 195. This section is 
largely baat*tl on this review. 
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Table 1 


Element 

Metal 

Products 

1 

0 . . 

Na 

Na.aO, 

^ * 


Ba 

BaO ; BaOj 

s . 

Li 

LiS, LioSa • • • LijS^ 

Sc 

a\a 

Na.aSc.NasScj . . . Na._,Se6 

To . . 

Jv 

KaXe.K/Tea 

V 

K 

KiVS-NHj 

As . . 

K 

Kj.\s.3NHa; 

Sb . . 

Na 

NUjSl)^ -7 

Pb . . 

1 

Na 

NaPb ; NaPba ; NaA W 


The reaction with metal hali.lcs leasts either to the fm n.ation of Hi.' 
.A mr^fnl nr rtf nn intemictallic COinpoUnd ’ [t’-O- ^ ’ 


free metal or of an intennet 

Znl, -f Na 


NaZn.) Those intormetallic coinpoumls are sii 
.<=<or1 in Chanter XV. Their const.tution .s 


similar 

to those discussed in Chapter XV. iue.r not 

governed by the normal valencies of the elements ■ 

tL „tl,er reactions of the.se metal solutions m ammonia 

l<i a sories of unstahlo derivatives 
Witli nitric oxide tlie cum- 


Among the other reaction 
those with carbon monoxide vie 



diagram from sodium hyponitrite. It is po^^sible that 
are nitroxyls aud their structure.s and reaetions would seem to nn nt 

further study. - . , * *1... ....-H-ti.ms <.f tliese metal 

Little is known at present about th • inor-'iiiie corn- 

solutions in liquid ammonia with nime tomp < - ,,.irinu nitrite* 
pounds. The sodium solution when tivated 

forms the compouml NuoNO.j. Aeenn mg j'| fa-sium anil 

old observations by Jounnis,» phosphm.- .va< t> ^^.th j-ta Mur.i 


MlUlO- 

limn 


oiu oDservauons uy jouiiiii't, j i , . pii \ 

sodium in ammonia solution to form Nal h. - 
germane and digermane react siinilarl> \m i -i ‘ j 1.1 

the products in each case being NaCell, ami h>.lnv.n. 

e...- 47. 4;t. Xinll •( 

’Kraus and Kurtz. J. .iinrr. Chan. • 

Z. physikal 1931. A, 154, 1. 

“Pearson, Nature, 1933, 131, 191). M.-iilrtl Comiti. rcml.. 

•Joannis. Ann. Chim. Vhy,.. liWIi. I«J- 
1902, 135, 740. 

1933, 66, 7«0. . moij. |h 1. 7, Mil. 

■‘Oemyt. re^d„ 1884, 118. 705. 

‘•Krais and Carney. J. Amcr. Cl,c,„. .See.. UJl. =>v. 
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Anunonium Salts and Amides in Liquid Ammonia. — Salts 
such as ammonium chloride when dissolved in ammonia increase 
the conductivity of the pure solvent (3 X 10“* ohm~^ cm.“' at — 37°) 
by ionizing as follows : 

NH 4 CI NH,+ + Cl- : ^ NH 3 -h H+ 

These solutions are suf&ciently acid to dissolve a number of metals 
with liberation of hydrogen. Metallic hydroxides and oxides also 
dissolve in a concentrated solution of ammonium nitrate in liquid 
ammonia. The latter is known as Divers’ liquid and its solvent 
action has been known for over seventy years. 

Metallic amides, iinides and nitrides also react with liquid 
ammonia solutions of ammonium salts. If the latter are regarded 
as acids, these reactions, examples of which are given below, are 
analogous to neutralization reactions in aqueous systems. 

NH 1 NO 3 + KNHo = KNO 3 + 2 NH 3 ' 

NH^Na KNHI = KN3 + 2NH3 
2 NH 4 I + PbNH = Pbl 2 -f 3 NH 3 
3NH4I 4 - BiN = Bil3 -h 4NH3 

There is a close parallel between the two systems, amides and 
imidcs beijig the counterpart of hydroxides, and nitrides of oxides. 
These neutralization reactions may be followed by means of co^- 
ductimetric titrations and also, in a limited number of cases, by 
means of indicators. A liquid ammonia solution of phenolphthalein, 
for example, is colourless but develops an intense red colour on the 
aihlition of j)otassium amide. This colour is discharged by adding 
the recjui.site amount of a solution of dievanimide, which is acidic 
in Its behaviour (KNIK - HN(CN )3 = KN(CN )3 + NH 3 ). Guan- 
idine. (NlInloCNH. and cyanamide, NH 2 (CN), also function as acidic 
substances in ammonia. 


Metallic amiile.s. imitles or nitrides can be precipitated from liquid 
ammonia .solutions of certain metallic salts by potassium amide, the 
latter corresponiling to potassium hydroxide in the aqueous system. 
'I'lii* formation of an ijuicle or nitride in place of an amide corresponds 
with the ])artial or total tlehvdration of a hydroxide precipitated in 
acpieous solution. The following e.xample.s illustrate this point. 


A-N()., r KNIL ^AuXITo KXO3 (in NH3) 

4- ‘iKOH = Ag.O 4 2KXO3 -r HgO (in HnO) 
rid,. ~ 2KXH., = PbXII 4- 2KI 4- NH3 (in NH3) 

: 2K()H = rh(OII).. 4- 2I\X03 (in HgO) 

Hilj • 3KXHo - BiX - 3Kl + 2NH3(m NH3) 


I’ninklin. ./. i'ficm. S<yc., Il»13, 35, 1455. Davis. Olmstead and 

Luiulstrum. i/juL. 1U21. 43, 15S3. Hergstroin, J. Phi/s. Chein., 1925, 29, 
mo: Anifr. ('hem. S,>r.. 192S. 50. U57. Divers. Proc. Rot/. Soc.. 1875, 

21, 109. 
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Alkali Metal Salts of Amphoteric Amides and Imides. — 
Zinc amide dissolves in an ammonia solution of potassium amide and 
forms potassium ammonozincate 

Zn(NIl .)2 + 2KNH2 = K^CZulNHs) J 
This is clearly an example of amphoteric behav’iour in the ammonia 
system, the product corresponding to the aquozincate, K2[Zn(OH)4], 
produced when zinc hydroxide dissolves in aqueous potassium 
hydroxide. The ammonia compound is, however, stable in liquid 
ammonia, whereas the aquo compound is readily hydrolysed. 
Similar amphoteric behaviour has been observed with a number 
of other metallic amides. Lead imide, PbNH, for example^, is 
readily soluble in an ammonia solution of potassium amide. The 
product, which has the composition PbNK,2.DXIl3, loses aimuo- 
nia, progressively forming PbNK,2NH;, (or K[Pb{NH2)3]) and 
PbNK NH3. Aluminium amalgam reacts rather similarly with 
potassi’um amide forming K[A1(NH2) J, which loses ammonia when 
heated in vacuum at 55® and forms K[HN;=A1(NH2)2]- L\en 
more striking is the formation of potassium ammonosodiate, 
NaNK2.2NH3 (or K2(Na{NH2)3]). by the action of potassium amide 
in liquid ammonia on sodium amide. 

NaNlIa + 2KNH., = 

Basic Salts.— The action of water in hydrolysing normal salts 
to basic salts finds an exact counterpart in the ivacti..n betw.>on 
ammonia and salts of some of the heavy metals. Lead iodide tor 
example, is fairly soluble in liquid ammonia and tiom the resulting 
solution the compound Ph(NH,),.Pb(NH,)I 

the same way lead nitrate gives the coinpoiiiul 1 bNlI.Mlo.l b.NU;,. 
When potas.sium amide is added, more of this comi).)und is deposited 
while ammonium nitrate causes it to dissolv<-, just as a mineral acid 
will often dissolve a basic salt deposited from water J'V^besc 
compounds the NH^ and NH groups fulfil the role of OH an<l 

oxygen in aqueous systems. , . , , 

Franklin has applie<l these principles to explain the coinpound.s 
formed between ammonia and the mercuric halnlcs. 1 hose he 

considers as falling into tliree classes, namely. 

(1) Normal mercury s/ilts with ammonia of crystallization. 

(2) Ammonobasic mercuric salts. 

(3) Mixed aquobasic-ammonobasic incrcunc salts 

In the first class are salts such as HgCU/^NHa an< HgHro.-NH,, 
which are formed by the action of ammonia <m the liali.h- in presence 
of sufficient of an acidic ammonium halide to prevent ammoiiolysis. 
The ammonobasic mercuric- salts are the- type of wlnte 

precipitate, HgClNH^, one method for forming which is by the 
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treatment of mercuric chloride with liquid ammonia. Many 
similar ammonobasic salts have been described. Prolonged treat- 
ment of infusible white precipitate with water or aqueous ammonia 
transforms it to an insoluble yellow substance which is the chloride 
of Millon’s base. 


2HgClNH2 -f HgO = HO.Hg.NH HgCl -h NH4CI 

This compound is termed by Franklin a mixed aquobasic-ammono- 

basic salt. With water or sodium hydroxide hydrolysis proceeds 

slowly to completion with the formation of mercuric hydroxide, 

while^ with ammonium chloride infusible white precipitate is 
/ 

re-formed. 

Amides of the Non-Metals. — Reaction between water and 
halides of the non-metals normally leads to replacement of the 
halogen by hydroxyl groups. A comparable reaction occurs with 
ammonia, and from the resulting amides it is in some cases possible 
to obtain nitrides by heating. A typical reaction is that bet-ween 
silicon tetrachloride and ammonia. The initial product, Si(NH2)4, 
the analogue of orthosilicic acid, is degraded stepwise by heat to 
just as Si(0H)4 yields SiOo- 

Si(NHd4 — ^ HN ; Si(NHo)« > NSiNKg > 

NH(SiN)2 > Si3N4 

Titanium tetrachloride and liquid ammonia form the amide 
Ti{NH2).,. which gives the diimide, Ti{NH)2, on heating. Ger- 
manium halides behave rather similarly, the tetraiodide and 
ammonia forming the imide Ge(NH)2,'^ which when heated to 150 ® 
gives germanam. (GeNloNH,^® the analogue of silicam, (SiN)2NH, 
and of cvanimide, (CNlgNH. Germanam at 350 ® forms the nitride 
GcgNj. With germanous iodide and liquid ammonia, ammono 
germanous acid, Ge KH, is formed as an insoluble yellow’ powder, 
analogous to the unknown iso-hydrocyanic acid. Practically 
nothing is known about the possible existence of salts and esters 
of any of these g('rmanium compounds. A similar state of affairs 
exists with regar<l to the reaction of zirconium halides wdth liquid 
ammonia : Zrl4 probably gives the tetra amide. ^Vxnides and 
iniidcs of both stannic and stannous tin should exist, but the only 
such derivative of tetravalent tin known at present is potassium 
ammonostaunatc, K2[Sn(NH2)6], which is formed in the reaction 

Snl4 -f 6KNH2 = K2 [Su(NH 2)6] -h 4 KI 
Potassium ammonostaimite, K[Sn(NH2)3]. is formed when tin is 


** Johnson and Stdwell, J. Amer. Chem. Soc., 1933, 55, 1884. 

Schware and Schenk. Ber., 1930, 63, 29R. 

•* Stabler and Dcnk, Ber., 1905, 38 , 2(»11. 
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treated with a solution of potassium amide in liquid ammonia. ” 
Oxidation from the di- to the tetravalent condition can be effected 
by treating the ammonostannite with iodine and excess of potassium 

amide in liquid ammonia solution, 

K[Sn(NH2)3] + 3KNHj + I 2 = K2[Su{NII,)5] + 2KI 

Phosphorus pentachloride and ammonia react to form phosphorus 
chloronitride (c/. p. 350) which on further treatment with animoma 
forms phosphoric nitride diamide, NP(NH,),. This is an acidic 
substance and, although no salts are known, several esters have been 
prepared. The compound phospham, NP ; NH, is formed by heating 
phosphoric nitride diamide. It was knot™ to Davy, who prepared 
it by heating phosphorus pentachloride with aimiion.a and is a 
white infusible powder which is insoluble m water and dilute acid.s 
but is slowly attacked by aqueous potash. It can be htdroly.sci 
to phosphoric acid and ammonia by heating with watei in a sealed 

*^**1^ addition to derivatives containing aniiiio and 11111110 b'to'ips 

a number of phosphorus compounds are known in which both 

hydroxyl and linino groups are present. These are 

ammono phosphoric acids, and although it is not 

here their modes of formation and properties, the 

may be quoted as showing how they are related to the phosphorie 

acids ; 

H,NP0(0H)2 aiuido ortbo phosi)b«>nc acid 
(HoN),PO(OH) diamido ortho phosphoric acid 
ni N) PO triainido ortho phosphoric acul 

(Nk)(H.,N)PO ainido iniido ortho phosphoric acid 
(H N)P02 amido metaphosphonc aci<f 

The halides of trivalent phosphorus give reaction " ''J; 

ammonia which are similar to those from the ‘jj;; 

ammonia and phosphorus tribromidi^ for cx.iiii]) <. ' (Nil) 

liquid ammonia, for example, gives imitlosiilphainuh . 

3 NH 3 + 2.S03C13 = NIKNHjSO,)^ 1- IHCI 

The product is hydrolysed by dilute acids to siilphaii.ide, 

NHlNIIjSOjla + 2 H 3 O = S 0 . 3 (NH 3)3 -I- NH..+ + H • d- SO., 

Sulphamide, which is a crystalline water-.sobible loinpound, forms 

» llorgstrom, J. 
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metallic salts and esters {e.g. S02(NHAg)2). "UTien h^ted, sulph- 
amide forms, among other products, sulphimide, which is trimeric 
and probably has the cyclic formula 


O-S 


NH— SOo 

/ N 


\ / 

NH— SOo 


NH 


Free sulphimide is known only in aqueous solution and behaves as 
a moderately strong acid, salts such as (SOsNNals and (SO^NAgla 
being well established. Up to the present, attempts to prepare 
compoimds such as S(NH2)6i S(NH2)4NH or S{NH2)2 from sulphur 
halides and ammonia have been unsuccessful, but a considerable 
number of acidic compounds are knoivn in which both hydroxyl 
and amino groups occur.^® 


Chemistry of Liquid Sulphur Dioxide Solutions 

It has been known since the early investigations of Walden and 
Centnerszwer that anhydrous liquid sulphur dioxide (b.p. — 10 - 02 ®) 
is a good solvent for a large number of inorganic and organic 
substances. :Many of the resulting solutions conduct electricity, 
although sulphur dioxide itself has only a low conductivity 
(1 X 10 “" ohm"^ cm."^ at 0 ®). This subject has been taken up afresh 
by Jander and his co-workers with the result that chemistry in 
liquid sulphur dioxide has been placed on much the same footing 
as that in liquid ammonia. Reference has been made already to the 
probable mode of ionization of sulphiu* dioxide, which accounts for 
its small but definite conductivity (2SO2 + SO3 ). 

By analogv with water and ammonia solutions, compounds which 
dissolve and give the thit)nyl ion, SO*"^, should behave as acids in 
this solvent, while those yielding the sulphite ion, SO3 , should 
bo bases. Jander has found that thionyl chloride and other thionyl 
derivatives are in fact freely soluble in liquid sulphur dioxide, and 
enhance its conductivity. A number of sulphites are also soluble 
and also increase the conductivity. Ionic reactions between 
thionyl derivatives and sulphites in liquid sulphur dioxide may be 
followed conduct imetrically and may be regarded as the neutraliza- 
tion of an acid by a base, forming a salt and the solvent : e.g. 

SOOlo -b CS2SO3 = -iCsCl -f 
(r/. NIUCl -}- KNH. = KCl + 2NH3) 

For a dftaiU'd ac-c-ovmt of those products, see Systematic Inorganic Chem- 
istry of the Fifth and Sixth Group Xonmetallic Elemenl.s, by D. M. lost and 
H. Uusscll (New York. Pn-nlicc-Hall, Inc.. 1944). 

Ber.. 1899, 32, 2802. Jauder, op. cit. 
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Solubilities in Liquid Sulphur Dioxide.^*— Solubilities in 

Uquid sulphur dioxide vary considerably. Thus 
siJphites have solubilities at 0° of the order of 0-02-0-0o g per 
100 e. of SO,. Tetrametbyl ammonium sulphite, on the other hand, 
is freely soluble, but the sulphites of barium and manganese are 
insoluble. Thionyl chloride and thionyl acetate are nuscible with 

sulphur dioxide in all proportions. i *. i 

Alkali and alkaline earth metal iodides are moderately soluble 

but bromides, chlorides and fluorides become propebsi% ely lo^ 

soluble Saturated solutions of a number of other inorganic salts 

have concentrations which range from 10 ^ to lO" 

oxides, sulphides and hydroxides on the o er ^ ort' iuic 

insoluble. Sulphur dioxide is generally a good solvent for organic 

“crtdn Inorganic salts form definite tle^tty 

correspond in t:p>e to ^ 

formul® arc shown below : Uttle is yet known about the crystal 


structures. 

Nal.ISOa 
KI,4S02 
SrIa.ISOs 
Bal2,4S02 

Reactions 


LiI.2S08 
Nal,2S02 
Srl2.2S02 
Bala.^SO, 

in Liquid 


Lil.SOi 

AICI.VSO2 

K(SCN),S02 


K(SCN).0.5S0.» 
Rb(SCN). 0 .r>SO 2 
C.MSCN),0.5S0., 
Ca(SCN)2.0.5S02 

Sulphur Dioxide.— -V knowledge of 

so{:^‘;:ia;:;n:idp^j.as mrai^d a --j- 

^h:::^i::;:rivlt; w,„eh t,. h,. .owing reaetams 
were used: ^ , .ivn n 

state by evaporating tl>e sulphu ^ ' . p ood in a p.ue 

readily."^ ThLyl bromide can. Imweyer. be . u,m., 1 , 

state by the above i„,iide have not been sue- 

reaction to the preparation .'u-itb liberation of free iodine, 

ccssful as the compound J pf a number of complex 

hal^^ ec!^;o:;:r:r ^Uid sul,^m dmxi,,. .mtiomoy 

peotaeb.ora.e KSi.U 

n JandL, cf. ; al- I-Ue,. and Kos.ur, .V„0,o. 104,). .03, am. 
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is obtained. The solubility both of antimony pentacHonde and 
trichloride in sulphur dioxide is enhanced by the addition of tMonyl 
chloride. From the change in conductivity on titrating a solution 
of KjSbCls with thionyl chloride formation of the free acid 

(S0)3(SbCls)2 can be deduced, 

2K3SbCU -b SSOCtg = (SO)3(SbCl8)2 + 6KC1 
In general, however, such compoimds as (SO)3SbCl6 are unstable 
and cannot be isolated in the free state. There is considerable 
evidence for the formation of other related complexes. Thus 
aluminium chloride increases the solubility of potassium chloride 
in sulphur dioxide very greatly, which suggests the formation of a 
salt such as I^IC^ in solution. Aluminium chloride and also the 
tetrachlorides of silicon, titanium and tin are all much more soluble 
in sulphur dioxide if thionyl chloride is added. This again indicates 
that ‘ acidic ’ compounds analogous to thionyl hexachloroantimonate 
may be produced. 

Solvolysis reactions have also been observed in liquid sulphur 
dioxide. Phosphorus pentachloride, for example, reacts readily to 
form POCI3, wliile other halides {e.g. NbClj) react if heated m a 
scaled tube. 

PCU -f SO2 = POCI3 + SOCI2 
NbCis + SOa = NbOC’U -r SOClj 

Reaction of Aminos with Sulphur Dioxide.— Many amines 
dissolve readily in liquid sulphur dioxide, forming solutions which 
conduct electricity. The exact nature of the ions formed is not 
yet certain. Walden and Centnerszwer originally suggested that, 
in the case of tertiary amines, the reaction 

R3N H- SO. = (RaN)^- + SO2- - 

occurred, while Bateman, Hughes and Ingold, from molecular 
weight and coiuUietivity measurements, have concluded that the 
ions (RaN)^ and SO.-' are present. Jaiuler and his co-worker 
maintain that the ionic compound [(R3^)2S = OlSOg is formed. 
This would be a base in liquid sulphur dioxide, comparable in its 
constitution and mode formation with (RaNHlOH in aqueous 
systems. This formula may be reconciled with the molecular 
weight and conductivity data if it is assumed that the following 
equilibria occur ; 

2U3N -f 2SO. 2(R3N.S0.) ^ (R3N.S02)8 
(R3N.SO2). ^ [(R3N)aS0]603 [(R3N)S0]+ + -b SO3- - 

Solutions of organic bases in sulphur dioxide react with thionyl 


-2 Z. anorg. Ch(W., 1902, 30, 145; Z. physiKal. Chem., 1903, 43, 385. 
-■'J.C.S.. 1944, 243. 24 jandor, op. cit., p. 285 et seq. 
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derivatives. The reaction of pyridine with thionyl chloride, for 
example, may be foUowed by a conductimetric titration and appears 
to occur according to the following equation, though the product 
has not been isolated in a pure state. 

[(C5H5N)2S0]S03 + SOCI, = [(C3H5N).S0]CU + 2S0, 

It is also possible to follow by a conductimetric ^ in wWch 

in liquid klpbur dioxide between triethylainme and iodine, in uluch 

sulphate and iodide are formed. 

2{[(C,H3)3NLS0}S03 + I 3 = + «03 

This oxidation process would be diflicult to account for if ‘he amine 
solution did not contain sulphite 10ns, and, although attempts to 

1 i. u 1 rto /r/P H ^ N1 SOlSOt in the pure state ha\e so 

isolate salts such as {[(Csns^aiNJap^/'^ys . ^ 

far failed, the evidence for their existence in ^ , 

strong, dander’s attempts to forinulate the compounds 

aminfs and sulphur dioxide as sulphites do, in H ‘ “f 

criticism by Iiigold and his co-workers,- give a unihed picture 

zme IS so well known, that it i!> a i <,,lni,iir tlioxide 

to find the counterpart of t>*i“. , "Ttoe! which 

systems. An example is .„[,lin'"tetniinetlivl ammonium 

is obtained as a white precipitaU o . ,i|o\i(U*. 

sulphite to a solution of aluminium chloride r’ | , 

2AICI3 )- 3(N(CH3),l3«'. = + l-N 1 113)/ 

On addition of excess of base the ^'ahii mii 

if allowed to stand it ages and becomes les.s soluble, jii.st as 

hydroxide do^es. , ^ ..tK.Cd.UAUS.yal , 

Aluminium .sulp'liite can be repreci.iitated by the addition ot .!»■ 
acidic thionyl chloride: i im t\<{) 

2rN(CH ) 1 lAKSO,),] -i- 3 SOCI 3 = AIASO,), i- a).'-' . ">'1 

ZLiN^iyM3)4j3LAH.'^W3;jj T ,.,l,a,nr dioxide shows a similar 

A solution of gallium chloride in sulphur .lio. 

behaviour.** 

Other Non-Aqueous Systems 

Hydrogen Sulphide .-The ""Tt 

sulphide (b.p. - 01°) IS very low (.5 1 X lu 

See Ref. 23. . , „ 07 s ci sf//. The ovUli tiit- 

**For other exainpU-H, sm convincing, 

for amphoteric behaviour is not me > 
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78-3°) Assuming that the ionization is similar to that of 

water, ( 2 HaS ^ (H3S)+ + (SH)"), one would e^ect solutes yieldmg 

hydrogen ions to be analogous to acids and those 

(SH)” ion to function as bases. A number of acids {e.g. HOI, 

H^SO., CHaCOoH, CCI3CO2H) are soluble, and although metalhc 
sulphides in general are insoluble, aryl- and 
ammonium sulphides and hydrosulphides {e.g. [NH(02H5)3JSH} 
are readily soluble. In addition, a number of hahdes (e.^. ZnUa, 
HgCU, AICI3, FeCla, CCU,SiCl4. SnCU, PCI3. ASCI3, S3CI3) also dis- 
solve, as do numerous organic substances. “ 

Recently the scattered references in the literature to solutions 
in liquid hydrogen sulphide have been brought together by Jander.^® 
Many dissolved substances enhance the conductivity of the solvent 
and it has been shown by conductimetric titrations that neutrahza- 
tion reactions between the analogues of acids and bases can occur. 
For example, when dry hydrogen chloride is passed from a gas 
burette into a suspension of the sparingly soluble triethyl ammomum 
hvdrosulphide in hydrogen sulphide there is a sharp break m the 
conductivity-HCl concentration curve at an equivalence pomt 
corresponding to the reaction 

[NCCaHslsHJSII + HCl = [N(CoH5)3H]Cl H^S 

A number of indicators give sharp colour changes in passing from 
the ‘ acid ’ to the ‘ alkaline ’ re^on in hydrogen sulplude. Jander 
has also established quahtatively, from observations on the 
behaviour of metals when placed in sealed tubes with hydrogen 
sulphide at room temperature, an electrochemical series analogous 

to that in water. 

Two further points of analogy with aqueous systems remain to 
be mentioned. The first, solvolysis, occurs in many instances. 
The following are e.xamples of compounds which react either at 
— TS° or at room temperature.^® 


Cotnpo umi 

Hc.Cla 

llgClo 

SuCb 

PCU 

AsCb 

011,00(80113) 


Product of Solvolpsis 


Hg,(SH)« HCl 
HgS 4- HCl 
Sn8« (slow) 

rsc'i, 

CH,CO(SH) -I- CH,(SH) 


=■ Satwali kar, Hutlor and Wilkinson, J. .-Ifncr. Chem. Soc., 1930, 52 , 3045. 
-•» Quatn. ibid., 1925, 47, 103. Biltz and Keuncckc, Z. anorg. Chem., 1925, 
147, 171. Mfintosh and Arthibald, Z. physikal. Chern., 1900. 55, 152. 

-'•* JandiT, op. cil., p. 77. Jander and 8elimidt, H'icner Chcmiker Zig., 1943, 

40, 49. 

Ralston and Wilkinson. J. Amer. Chem. Soe., 1928, 50, 258, 2160. 
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The second point, amphoteric behaviour is weU illustrated by 

the behaviour of arsenic trisulphide, Ld i^ 

solution of triethylammonium hydrosulphide (a base ) and is 

reprecipitated on adding hydrogen chloride, 

Cv-,J.-T>y “'tr 

gen sulphide.^^ The pure 'Slauvofthe 

occurs according to the equation . 

2HCN^(H.HCN)^ + (CN)- 

On the basis already explained, “"tnmLulf cupa^k^^ 

HCl, picric acid) function as aliiliioniuiu 

furnishing cyanide ions (e.j. \ 

cyanides) as bases, and a nuiiiber ‘f. " i„.li..ators 

been followed by means of coiidui imc ^ reactions have 

also give colour changes . KtOt'l — > KCOt’N) 

also been observed r.r„ Forexuinple. 

and amphoteric behaviour IS found in a c solution of ferric 

when triethylammonium is lirst precipitated, 

chloride in hydrogen cyanide, feme c>ani.lc 1 

but dissolves in excess of the base, 

r.S!: tsKiisis- 

Bromine Trifluoride. -The great 
fluoride (b.p. TiT”) limits its conduct ivitv 

and non-metals. In the pure attributed to ionii^ation into 

at 25" of 8 X 10'® ohm ^ cin. \ ^vith fluorides 

the BrF 2 + cation and the BrI*., an' ■ coiniaainds analogous 

leads to the formation of a sfduble an<l enhance 

to acids and bases all of which arc l.ave been isolated.®" 

the conductivity of the sol\ tnt. 

Sharpe uiid Eineleus, • ' /rS l‘»49. 21101 ; 

1049, 2806; 19o0. 164. 1030; fysy, lo-tn. 

I960. 1053; Gutinarm and Lineleuu, 
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Bases 

NaF + BrFa = NaBrF4 

KF + BrFg = KBrF* 

AgF + BrFa = AgBrF4 

BaFa + 2BrF3 = Ba(BrF4), 


Acids 

SnF4 + 2BrF3 = SoBraFi,, 
SbFj + BrFa = SbBrFs 
BiFs + BrFa = BiBrFg 
NbFs + BrFg = NbBrFg 
TaFs -!- BrFg = TaBrFg 
AuFs + BrFa = AuBrFg 


These compounds decompose thermally with liberation of bromine 
trifluoride. It is possible to follow the neutralization of an acid 
with a base by a conductimetric titration, e.g. 

AgBrF 4 + BrFj.SbFg = AgSbFg + SBrFj 

Reactions of this type have proved useful in the preparation of a 
range of complex fluorides, the applicability of the method bemg 
widened by the apparent existence in solution of a number of acids 
and bases which are too unstable to be isolated in the pure state. 
The pentafluorides of phosphorus and arsenic, for example, probably 
exist in bromine trifluoride solution as the acids BrFgPFg and 
BrFaAsFfl, and if these solutions are allowed to react with potassium 
bromotetrafluoride the following reactions occur : 


KBrF4 + BrF.PFfi = KPFg -h 2BrF3 
KBrF 4 + BrFgAsFg = KAsFg + 2 BrF 3 

The nitrouium and nitrosonium ions (N02'^, NO+) also appear to 
<?xist in bromine trifluoride solution as the bases N 02 BrF 4 and 
N 0 BrF 4 and, bv reaction with acids, will give such compoimds as 
NO.BF.,, N02 AuF4, NOoAsFs, NOBF 4 and NOPFg.^a 

Anhydrous Hydrogen Fluoride. — Anhydrous hydrogen fluoride 
(b.p. 19*5®) is an associated liquid with a high dielectric constant, 
a low specitic conductivity {1-4 X lO'® ohm“^ cm.~^), and good 
solvent propertic->‘ The analogy between the chemistry of its 
.solutions and tho^e in water and ammonia is somewhat limited, 
but, largely as a result of the work of Fredenhagen and his col- 
laborators,^* a number of interesting points have emerged. 

The fluorides of the alkali metals, ammonium, silver, thallium 
and, to a smaller extent, of magnesium and the alkaline earth 
metals dissolve in hydrogen fluoride and yield their simple ions. 
A few other salts (NaNOa, AgNOg, Na 2 S 04 , K 0 SO 4 , and alkaU 
chlorates, bromates, iodate.s, perchlorates and periodates) dissolve 
and form fairly stable conducting solutions, though the majority 
of inorganic substances are decomposed (metal chlorides give 
fluorides, for example, and hydrogen chloride, which is practically 
ins()liible in h 5 'drogen fluoride, escapes). The existence of ions 


33 Woolf, J.C.S., 1950, 1063. 

For bibliography', set Jandcr, op. cit., p. 6 et seq. 
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other than fluoride is shovra by the occurrence in hydrogen fluoride 
of precipitation reactions such as the following . 

Na^SO^ + 2AgF = AgaSO^ + 2NaF 
Ba(C104)2 + 2AgF = 2AgC10i + BaF^ 

It may be noted in passing that hydrogen fluoride for^ 
of addition compounds with metallic fluorides {e.g. Kl^ ; KJ? ,-tLl? , 

KF SHF • NH 4 F,HF). These might be thought to be analogous to 
compounii containing water of crystallization, which in the solid 
state, contain water molecules as structural units In these acid 
fluorides, however, the limited number of structural determinations 
available indicate the presence of the (HF,) anion. The anion 
is believed to exist in aqueous solutions of hydrogen fl>tmide m 
equilibrium with the simple fluoride anion. It is probab e that t 
simple fluoride anion in anhydrous hydrogen fluoride is also 
associated to some extent with HF as (HF,)-. It is likely tlmt the 
hydrogen ion is also associated with a solvent molecule as (H,F) 

\ nLrber of organic substances, including the 
almost insoluble in bydrogen fluoride. A few, such i^^s the a kj 
fluorides, dissolve to give non-conducting .solutioms but a gre.it 
many others are either decomposed or po ymerized. A further 
poup, which includes alcohols, aldehydes, ketones, ethers a ds 
!cid anhydrides, certain nitrogen compounds and earbohidrates, 
give conducting solutions, the ions in which are a “"'P 
Lntaining the organic molecule associated with a proton, and the 

fluoride anion. The following are typical . 

CH 3 OH + HF ^ (CH 301 I.H)+ 4- F 

CH3cb,lI + HF^ (CH3C(),H U)^+ 

(CyialzO 4- HF (C^HslaO-H 4- F 

Frcdenhaccn has deduced the nature of tliese ions from ineasure- 
l::n::oZo\L\ar conductivity and the 

This interpretation of the cause q H OH UF ami 

bv the isolation of the compounds (CyiolaO -llt , La & 

OH 3 OH HF, which will probably be found to conduct electricit, 

when in the pure sdate, 3 i>_Tlio general principles 

mental work on a nurnlier of other h^steins, uii. 

isms for which are given on page o . urovide so 

In these systems the studies .so far iniule do 

complete a picture as in the case acid 

pounds, however, can function as ionizing so , ' capable of 

the metal nitrates function as bases and a few substances capable 


See Jaiider, op* cit. 
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1 

Sub8lcnc< 1 

1 

Sp. Cond. ^ 

Ioni 2 <iiion | 

I 

, — 1 

HNO, 1 

(CH8C0),0 

Seoa, 

COClj 

8.9 X 10-» 

1.7 X 10-* to 

0.9 X 10-* 

; 2-5 X 10-’ (25“) 

2 X 10-* (25*) 

1 

V 

\ 

' 2HN03 ^ (H.HNO,)+ + NO," j 

: 21, 1+ -t- Is"* j 

! (CHjCO)*© ^ (CHjCO)* + (CH,COO)- j 
; 2SeOCl. ^ (SeOCl.SeOa,)+ + Cl- 1 

j 2COC1, ^ (COCl.COCId-^ -i- Cl- 


ionizing to give a proton {e.g. HCIO4) as acids. It is tlius possible 
to carry out as a conductimetric titration the reaction between 
potassium nitrate and perchloric acid. 

KNO3 H- HCIO4 = KCIO^ + HNO3 

Sulphuric acid functions similarly as an acid. In addition, solvolysis 
can occur, e.g. 

Zn{CH3C02)2 + 2HNO3 == Zn(N03)a. CH3CO2H + HlCHgCO^) 
TiCU -h 2HNO3 = TiOCKNOa) + NOCl + CU + H3O 

In a few instances amphoteric behavdour is observed, e.g. 

CdCNOalo + XKNO3 ^ K^[Cd(N03)a+^] 

In liquid iodine, the iodides function as bases, while all the deriva- 
tives of ‘ positive ’ iodine function as acids. A number of neutraliza- 
tion reactions have been studied, e.g. 

KI + IBr = KBr f L 
Bila -f- 3ICI = BiCl3 t- 31. 

Amphoteric behaviour is found when iodides dissolved in liquid 
iodine react with excess of a ‘ base,’ such as potassium iodide, 
forming complexes such as K2(Hgl4) and KalBilg). 

In acetic anhydride, acetyl derivatives function as acids and 
acetates as bases and neutralization reactions occur between these 
two tvpes of compound, e.g. 

CllaCOCI + NidCHsCOa) = NaCl + (CH3C0)20 
(CHaCO).^ + rblCHaCOa). = PbS + 2{CH3C0)20 

In .selenium oxychloride a number of metallic chlorides are soluble 
ami forin conducting solutions {e.g. NaCl. NH4CI, FeCl3).®® Stannic 
chlori'le forms the compound SnCl4.‘2SeOCl2, which may be rewritten 
as a salt of the (SeOCl)+ cation, (SeOCl)2SnCls. Carbonyl chloride 
resembles selenium oxychloride in its solvent properties. German 

s«./. Chem. Soc., 1925, 47, 2460; Smith. Chein. Reviews. 193S, 23, 

105. 

Germaiin and Gagos, J. Phyd. 1024» 28* 965* 
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has postulated for the compouud COCl,. 2 AlCl 3 formed with 
aluminium chloride the followmg mode of ionization . 

COAlaCIa ^ CO+ + + Al^Og" 

(It is. however, more probable that the anion Electro- 

lysis of the solution gives carbon monox.de at 
cUorine at the anode, and the solutions “/‘tH- 

with evolution of the same gas. Iodine i,.e 

chloride and the chlorides of antimony sulphur abo g 

conducting solutions : these clearly merit much closer study. 



CHAPTER XVIII 

RADIOACTIVITY AND ATOMIC DISINTEGRATION 

MTiilst the outer electronic structure of the atom is susceptible 
to experimental investigation by the methods of physics and 
chemistry our knowledge of the central nucleus is derived largely 
from the studv of radioactivitv. All the elements from bismuth 
to uranium, and a few of the lighter elements, have naturally radio- 
active isotopes. In addition, radioactive isotopes of all the lighter 
elements and of a number of elements beyond uranium, the so-called 
tran.suranic elements, may be made artificially. 

The phenomenon of radioactivity entails the spontaneous di^ 
integration of the nucleus at a rate which is a characteristic for each 
particular active isotope. In the early development of the subject, 
when only naturally occurring radioactive elements were studied, 
three tvpes of ravs’ a-, (i- and y-rays, were recognized. Of these, 
a-ravs consist of 'helium nuclei with a double positive charge and 
witli a characteristic initial velocity, varying from case to case, but 
of the order of 10^ cm. /sec. In any medium the particles have a 
definite range and are able to produce intense ionization in their 
paths. Tlu^/J-ravs are negative electrons which are also emitted 
with a high velocity, though, in general, p.yticles from one and the 
same source .'^how a wider range of energies. These particles lose 
their eiiergv le.'ss readilv in pa.ssing through matter, and consequently 
tiu'V cause much less ionization in their tracks and have larger 
ranges than a-particles of comparable initial energies. The y-rays 
consist of electromagnetic radiation of frequency higher than that 
of X-ravs. 

The characterization of these three types of radiation depends, 
in the case of a- and /?-rays, on the direct determination of the ratio 
of mass to charge for the particles by measurements of their deflec- 
tion in a magnetic field, on the direct measurement of the charge 
. arrie<l bv a given number of particles and, in the case of a-rays, 
on the spfctroseojiic proof that a-rays which have lost their energy 
(and acquired the necessary orbital electrons in the process) are 
identical with helium. Since the discovery of artificial radio- 
activitv (vide iiifra) two further fundamental jiarticles have been 
recognized as jiroducts of nuclear disintegration. The first of these, 

520 
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the positive electron, is identical with the negative electron but of 
opposite charge. The second, the neutron, has a mass almost 
identical with that of the proton, but is uncharged. The proton, 
which is the nucleus of the hydrogen atom, and the corresponding 
particle from deuterium, the deuteron, are also produced in nude 

disintegrations of certain types. 

The Disintegration Theory .-In the .spoil aiieous nuclear dis- 
integration of all radioactive isotopes the nuinber of 
going disruption in unit time is a con.st.aiit 

of atoms N present at that time. This applies if is ^er^ l.^r„e 

M ,t Hot best defined as the Vr<<h» of 
any one atom. It follows that the nuinber of atoins < ^ 
radi^lement reniarnmg d.^»s..^oi^.tm.,y with ^ acc . 

migLa'lirprtent.' Tim quantity ;. is k.im™ 

constant and is a characteristic of each radioactne isotope. 

quantity 1 has the dimensions of time and represents the statist, cni 
mean K/e\f the atoms of the 

^ me^t;^,l^ :::: 

half-value periods are very ..dio elo.nents 

not, however, .stable i.,rt-lived. These .short-lived 

products yield yet other radioactive -a. 

In any such decay series an ns that of its 

which each cleuient i.s being fomu^ • ,„<.,nbers of the series are 
decay. If the decay " L, <,f the series present 

numbers of atom.s ivlationsliip 

at equilibrium (iVi, A 3 , ■ - •) 

• 7 l!alf7'ume Periods.-Tlie l.air-vi.liie 

The Determination of »• ** f ' no .single , xperi- 

periods of radioactive isotopes s . .r,-„i,ii.ti.m of all. Long 

mental method is applieablc t „,.,„|,er of paitiele.s 

periods may be determined l>) .p,,,,. 

emitted from a known weight of miinber of atoms present 

gives directly the fraction of the^ "riods may be determined by 

which decay. Alternatively, long p 
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using the principle of radioactive eotmhbrium. For “ 

minerals of great geological age, eqmhbrium must be established 

between uranium and radium. The ratio of Ea : U m 

minerals is, in fact, uniformly 3-3 X IQ-J : 1 by weight. decay 

constant of radium, as deternuned by the toot 

a-partioles, is 1-39 X 10““ per sec., so that by the prmciple of 

radioactive equilibrium we have 

238 


Xu = 3-3 X 10-’ X 1-39 X 10-1^ X 


226’ 


wlieuceTi/a = 4-51 X 10® years. 

For moderately long half-Uves counts may be made of the rates of 
emission of particles at two suitably separated times. The appro^' 
mate lower Umit of this method is a half-hfe of 20 mmutes. The 
upper limit is 1000-2000 years. For half-hves somewhat shorter 
than 20 minutes it is also possible to count the actmty at two 
different times, but a correction must be made for the decay oi 

the sample during the time of counting. 

Very short half-lives may, in the case of the natural radioactive 

isotopes, be determined by applying the empirical Geiger-NuttaU 
relationship between the velocity (or range) of an a-particle and the 
disintegration constant of the process by which it is ejected^ A 
plot of the logarithm of the a-particle range against the logarithm 
of the decay constant is a straight line for each of the tour dis- 
integration 'series. If then the range of an a-particle from a short- 
lived source is measured, the disintegration constant may be obtamed 
from the Geiger-Nuttall plot for the appropriate decay series. A 
like relationship may be applied, though with more difficulty on 
account of the velocity distribution, to ^-decay processes. 

For short-lived isotopes of artificial origin {vide infra) a mechann^ 
arrangement is sometimes used. If, for example, a target material 
is rendered radioactive by bombardment with some type of particle, 
it may be mounted on a rotating circular disc. Irradiation and 
counting take place at opposite ends of a fixed diameter and the 
speed of rotation is varied until a maximum countmg rate is 

observed. The statistical mean life is then equal to the 

time of revolution of the disc. Determinations of extremely short 
half-lives for artificial radio elements have also been measured by 
adapting the cathode ray oscillograph to measure the time mterval 
lictween the interruption of irradiation and the occurrence of the 
decay Apart from short-liyed isotopes, artificial radio elements 
luav’ be studied by the same methods as natural radio elements. 
In studying radioactive substances, mixtures are very commonly 
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encountered. There may be mixtures in the sense that several 
types of radiation are emitted simultaneously, or ere may e 
(fflerent species present emitting the same tpe of radiation with 
different half-lives. In these circumstances the use of screens m.i) 
enable some of the radiation to be absorbed, thus rendering poss b e 
the counting of a single component, ^ternat.ve y, “ 
to measure a composite decay curve, plotting the 
activity against time, when the various decay 

straight lines joined by curves of vary mg slope. curve 

linear sections give the decay constants directly. A typical 

of tliis sort is s]lo^vn below. 
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Flo. 07.-(<.) Composite l'"wu”"i^ „r.l,u,t.mcd 

20 and 2 dayw. (*») o* 

component. , , 

. I r^vv E-irlv in the «l(!velo|)- 
The Radioactive Displacement - • ruiuu-xion 

merit of the subject it the chemical r<-latiunsl.i[. 

between tbe radiation cimtt^M j ..^y and the *laiighler 

between tbe parent undergoing ^ 

element. This is suinman/.cd as n ‘ tomic Wiiight is decreased 
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decay product is thus displaced two groups to the left in the 

(h) When a /^“plrticle is emitted the loss of one negative charge 
from the nucleus is equivalent to a gam of one positive charge, 
and the decav product will therefore belong to the next group 
to the right'in the periodic table. There is no significant 

change in atomic weight. ^ . 

In aeWition it should be noted that positron emissions will give a 
product belonging to the next group to the left and with an atomi 
number one unit less, whilst gain or loss of a neutron 
the atomic weight, i.c. the product is isotopic w. h *e P“renh 
These considerations played an important part in the formulation 
of the three decav scries of classical radioactivity, but, s‘n>='; 
form of these has been changed so much by the discovery of t 
transiiranic elements, a discussion of the decay series will be deferred 

until lator in this Chapter (see p. 536). 

Nuclear Disintegration and Artificial Radioactivity 

Nuclear Disintegration by a-Particles.— The first indication 

that what was liolieved to be a stable atomic 
disrupted was alTonled by Rutherford’s observation, m 1919, that 
fast y-iiartieles from Ra-C give rise in nitrogen to a small miniber 
uf particles with range.s up to -10 cm. in air. The magnetic deflection 
of tliose pnrticl-s shuwe.l them to be protons which could only have 
originated in the nitrogen nulceus. 

He* -r NV = O'l + HI 

Similar disintegrations were observed by Rutherford and Cliadwick 
for all tin* elemimls between boron and pota.ssium with the exception 
of carbon and nxvgeii.' The proce.ss was first photographed bv 
Blaekett = with the aitl of the Wilson cloud chamber. He found 
that in the rare disintegrating collisions the a-particle disappeared, 
I'ivim^ rise to two new tracks. One of these, that of the proton, 
was ionL^ whilst the heavier product of the nuclear reaction gave 
nulv a short spur. In present-day nomenclature this is ref^erred 
to as an (*y.p) reaction. In the range of elements mentioned and 
with the emu-gies available in natural a-particles it occurs very 
-eldoiii roiuddv twentv times for each million a-particles passing 
throu.'h the uiedium. The positive charge on the nucleus tends to 
repel the aiiproaching a-particle and a.s a re.sult the change becomes 
less probable in the heavier elements of greater nuclear charge. 

1 Phil. Mag., 1921. 42, S09 ; 1922. 44. 417. 

^ Proc. Roy. Soc.^ 1925» A, 107, 349. 
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To some extent this limitation may be offset by accelerating helium 
ions to energies greater than those of natural a-partides by means 
of the cyclotron or some other device for producing fast particle- 
The limit of energies in natural a-particles is of ‘I*® 

2-a million electron volts (Jlev.),* whereas 

energies up to > 300 Mcv. have been obtained. W itli hi^li cm \ 
a-pafticles from the cyclotron reactions in heavier mic ei may be 

bright about ie.g. As«(a.n)Br- ; "‘ons^-B - 

Nuclear Disintegration by Protons and 

reason of its smaller charge, it is to be cxpei e . 

should be capable of surmounting the 1’"^®''“"' . • • ; 

nucleus at lower energies than an *-l>^‘'-‘'V'®; '^‘'“^50 “ Pro ons 

the case was first shown by Cockroft and \ a ton .11 1932 I rotons 

were accelerated to energies of 12.5,000 electron ' “ : 

bombard lithium salts. Massive particles were ® “W®. ^ 

target, their nature being convincingly shown 1 > - on cloim 

chamber photographs, which revealed two equivalent particle tracks 

corresponding to the reaction : 


T.il 4- HI = 



formed, corresponding to the niKk.ir ic.ic 

These and other early experiim*nts on .j ^ intfusivi- 

high velocity particles v m-s .t^'ac. i-m wc 

exploration of the new field and . I exjnnples. in the 

covered. The chief of these are sunnnaru.e.l, ^^.th ixan-i 

table on p. 626. . ,hi-se reactiuns involve the 

It will be noted that the inajo ■ ^ ^1,,. f<,nimlion of 

bombardment of light nuclei. A ais<-usse«l in detail later, 

unstable products in nuclear reac ions, ^ v j of great 

The production of neutrons (e.r/- m (a.n) 

, . pPH .IIarul. r an.i K<-t.n. flv. 

» For a deacripiion of the . ;,;„i Sons. li'e.. Ne» Voi k. Hi n». 

InlrtMluclion io nadiochunifilry {John thnmgti a 

♦An electron volt in the ne«^ co.i....oi. 

itential of one volt. The nnlhon electron 


potential 

UHe. 

6 


Pmc. .eoy. «ac., 1032, A. .37. =1^9 ^ m I ‘Sb 

1030, 154 , 240, 201 ; see also Lawrein.i, / ./ 

340, 428. 008. . jt,„ ,SVx.. A. »46. 022. 

•Oliphant, Shire and Crowther, I roc. J J 



chemistry 


Table 1 


Type of 
'Reaction 


Example 


(a.p) Fj® + He$ — Ne" + H{ 


(a,n) Xa'j? + He-l = Al®® + ni 



Typical N^^clei 
givijig Stable 
Frauds 

Typical iJadei 
giving Unstable 

Products ] 

1 

S + Hl 

N**, F”, 

Li’. Mg**. Jig**, 

Na« Mg*‘, Al*’, 

, Si*» 

i 

Ca« 


+ ni 

Li’, Be’, Al« 

Li*. B”, N’*, F^’. 

Mg**, Al*’, P“, 


(P.a) I + Hi = CS‘ + He5 


, (P.y) C;® + Hi = Nj® + y 

I (d,a) Cj® + H? = + He.5 


K“ 


Li«, Li’. Be». F^*, 
Na“, Mg** 


Be“. F« 


C’» 


Li«, Be». B“, C**. Mg*« 
N**. F»», Na**. 

Al»’ 


(d.n) !Be! + Hl[ = 


Bl® + nl+ y- H*. Be’, B“.Na**. N** 

, Al*’ 


(d,p) Bl® + Hi = B“ + Hi B»*. Cl*. N“ 


Li’. Be»,B».Na» 
Al*’, H* 


importance in many recent developments, and is dealt with in the 
following section. 

The Neutron.- -The bombardment of berylhum with a-rays irom 
polonium was observed by Chadwick ’ to give a radiation of gr^t 
penetrating power, which produced no ionization along its path but 
was able to eject protons from hydrogen, lithium, carbon and other 
elements. From a consideration of the conservation of energy and 
momentum in these processes, it was shown that the phenomena were 
not consistent with the hypothesis that a true radiation was 
involved, but required the postulation of a new kind of particle 
with unit mass and zero charge — the neutron. The neutron is 
produced from beryllium in the nuclear reaction 

Bel -H Hei = C^i + nj 

’ Proc. Hoy. Soc., 1932, A, 136, 692; 1933, 142, 1. 
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By balancing the masses and energies of the various particles it 
may be deduced that the neutron formed has a maximum kmebc 
energy of 7-8 Mev., corresponding with a velocity of 3-9 X 10 
per sec. The yield in this case is about thirty neutrons per iniUion 
a-particles. Lithium, boron, fluorine, sodium, magnesium, 
ium and phosphorus also give rise to neutrons. In the case of 
several elements the disintegration may follow two courses, e.g. 

. MgS + HI 

Na^i + He;<; ^ 

A second mode of liberation of neutrons is by a species 
photoelectric effect « from the nuclei of deuterium and bcri Ilium 

hv = Hi + uj 

-j- hi- = Bet -h 

The first reaction is produced by y-rays from ThC" (E„„ 2 02 Mew) 
but not by those from actinium decay ^ “e ^^utro i 

An energy^ balance for the reaction eiiabks die mass 

to be deduced witb some accuraej. I „pntrou bavin" 

away about 0-25 Mev. of kinetic energy and 1 e neuDon. hai . 

almost the same mass, will accouut “r an ' process, 

2-12 Mev. are therefore expended u the d m. c,,r 

equivalent to 0 0022 atomic i.o082 respectively, 

deuterium and hydrogen the iuass.es - .nnH l 

it follows that the mass of the ^ of eh'inents 

Neutrons arc formed in the bomburamp.t 

pies of these processes are given la i ^ j- j ^,[Yox-.U wliicli 

no ions in its path it must be det<M.tc<l ; , articles emilie.l 

it produces, e.y. neutrons enter an 

in the following reaction, wind * w.ritlf 

ionization chandler filled with h.,ron trdluondc. 

Neutron fluxes are deter.iii.ied by g!>ld) 

induced in a suitable metal foil {e-ff- j knowing tlie 

time. This is proportiomd to H;-‘-Vmam-i: -il .ive a value 

for the neutrons impinging on ‘ . Bombardment. In 

Artificial Radioactivity: a- ' , • was iliscovere«l 

1934 a new phenomenon of fundaimn ■ nietastable isotopes 

by Mme I. Curie aud M. Joliot," namely, that 

c» ] (l35 A* 4 i U« 

•Chadwick and GoldhubcT. /W. 

• Conipt. rend., 1934. 198. 2&4. 650 . 20«J . 
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of lifftt elements may in some cases be formed as a result of bom- 
bar^ent with a-particles, and that these metastable nuclei decay 
in a manner exactly analogous to the decay of the heavy radioactive 
elements. It was observed that, by the bombardment of boron and 
aluminium by a-particles, positive electrons were emitted m addition 
to protons and neutrons. The positive electron, or ‘positron, a 
particle with the same mass as an electron, but with a umt positive 
charge, had been first detected in 1932, being formed, together vnth 
a negative electron, by the action of the penetratmg cosmic radia- 
tion. Penetrating y-radiation may also ^ve rise to positrons on 
absorption in matter, one quantum of y-radiation or cosmic radiation 
being apparently converted into a positive-negative electron 
The eiier*^ required for the process, calculated from the mass of the 
two electrons, is about 1-02 milUon e.v. It appears that Positron, 
unlike the negative electron, is essentially short-lived. When the 
energy of a positron has fallen to a low value, it may be annihilated 
on encounter with an electron, two quanta of radiation being 

liberated. . . j j • 

In these experiments the emission of positrons increased durmg 

irradiation to a limiting value. After removing the source of 
a-particles, the emission of protons and neutrons ceased, but the 
emission of positrons continued, decreasing exponentially with time. 
The process had, therefore, all the characteristics of the formation 
and decay of a short-lived radioelement. Since the transmutation 
immediately effected by the a-particles may result in the ejection 
either of a proton, or of a neutron, it is clear that in the latter case 
a meta.stable species must result, which subsequently loses a positrim. 
The final product is tlicn identical with that obtained directly by 
the (a;p) i)rocess. Thus, in the case of aluminium, the alternatives 

are 

Al?- 4- Hei-^Sif.-f HI 


or 

Al?- 4- He5 ^ PIS -h nS 

followed bv 

In the case cited, about 5 per cent of the total disintegration pro- 
ceeds bv the second process ; the radioactive phosphorus isotope 
has a half-value period of 3-2 minutes. 

The radioactivity was jiroved chemically to be due to an isotope 
of phosphorus. On dissolution of the irradiated aluminium foil in 
hydrochloric acid, the radioactivity was carried by the hytogen 
evolved, presumablv* in the form of phosphine ; if the foil was 
dissolved in a mixture of hydrochloric and nitric acids, and sodium 
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phosphate was added as a carrier, the addition of a zirconium salt 
carrik the radioactivity quantitatively down wRh the zirconium 
phosphate precipitate. In a similar way, the radioactivity induced 
in boron was shown to be due to an isotope of nitrogen . 

^ C^l + HI 
+ He*<( 


+ N'? 


1 1 miii. 




When boron nitride was irradiated, and subsequently dissolved 
rapidly in hot caustic alkali, all the positron activity was carried 

over with the ammonia generated. The formation 
radioelements in (a;n) transformations has smee been detected vith 

a..o be for.ncd as the produc^f 

(a;p) reactions, whereby a species .s produced 

number one unit greater than the original element. Thus, ith Li , 

Li3 + Ho; Be- + Hi ; Be- B- + c' 

Metastable nuclear species forme.l in this way revert to stable 
rnecii by aTray trairsformation. Since each isotope of a mixed 

element LI independently on "ms Vlg 

Xr tadia^n ?wo ^-a'ctivities and one positron activity, which 
have been traced to the processes . 

7 mlti. 


+ He.i 
Mg'f.2 + He5 

Mg'iS + H.-; 


Siii + nj ; Sd; 
AVf?+H|; A\ll 

A1;^+H1; AI*^ 


2’1 litiQ* 


11 cdIu. 


^ Al]^ -1- <2 
+ e 

^ Si-’ }- c 


sSSSSlIHHiFi 

found that other types of nuclear . _,„,aions produced hv 

high-speed protons and douterons ar „i„nifosts 

reactions call for little a characteri.stic 

itself in the phenomenon f “ unstable nucleus, 

as m the natural 

"“t: ml^oS^:^ rasterizing chemically the species responsible 
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for the observed radioactivity are often extremely interestmg and 
may be mustratcd by a few examples. Firstly we may consider tl^e 
“action produced on bombarding carbon with protons, which is 

represented by tbe equation (1) below 


+ Hi = N'? + y 
B'S + HeS = u.', 

+ Hi = + ni 

= C^l -f (tj= 11 min.) 


( 1 ) 

( 2 ) 

(3) 

(4) 


The same isotope is formed in either of the - L) 

and decays according to reaction (4). ^ produced 

the radioactive nitrogen was characterized by scrapmg off the surface 
layers of the carbon target, biirmng this product in a 
mixture, absorbing carbon dioxide and oxygen chemicall) and then 
passing the residual gas over calcium. The calcium nitride formed 
displajlnl the 11 min. positron actmty, which was trai^ferred to 
the ammonia formed by treating tbe nitride with water. In a 
similar maimer the bombardment of boron with deuterons gives 
radiocarbon by a (d.n) transformation : 

B'o Hi = C^> + uj 

C*i = B‘i + c+ (tj = 20 min.) 

Here it was shown that if all gases were driven off from the boron 
trioxide target by beating, and mixed with carbon ^ 

the ratlioactive species present accompanied tbe carbon dioxi 
on absoriition in caustic potash. The absorption of radioactive 
mat.Tial wa.s not complete, however, since some of the radiocarbon 
<lriven olVfrom the target material was present as carbon monoxide, 
which was recovered by adding inactive carbon monoxide to act 
as a carrier, oxidizing with hot copper oxide and absorbing m 
alkali, lilany similar instances of chemical identification occur 
lK)th in the earlier literature of this subject and in more recent 
wtirk on the characterization of fission products {vide injra). 

Irradiation with Neutrons.— It has already been pomted out 
that the powerful repulsive forces between atomic nuclei and 
positivclv charged particles tend to limit the (Usintepatmg effects 
of a-i>articles. protons and deuterons to the lighter elements. The 
neutron, whilst it mav have a very high energy, is exempt from 
these repulsions since 'it is uncharged. It is, accordingly, capable 
of penetrating and effecting transmutations m tbe nuclei of even 

the heaviest elements. , , i_ 

Followimr the discovery of the neutron, it was found by the Wilson 

cloud-chamber method that various nuclei were disintegrated by 
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collision with neutrons, an a-particle being ejected. Nitrogen, for 
example, undergoes an (n.a) reaction : 

NM 'i- «« = 

Fermi found three mam types of nuclear 

< • *1 *11 A. ^4-^x3 u^r nKt.AiTiGcl witli ciluniiniuni. 


(1) (n,a) AV;i + ni = Na?! + He 

(2) (u,p) Al;i + 111 = MgM + H! 

(3) (n,y) A155 + ul = -HS + y 


Na« 

15 lir. 


+e- 



3IgT^ 

10 iDia. 


Ali' + e - 




:>'3 min. 


Sin -f-c- 

AJja 




For neutrons of high energy reactions of types (1) ^nd (^2^^ me 
favoured, whereas capture reaction^ and his ci-workers made the 

verities by pa-ge th^gh -f- of a 

rly sin. la -h media tho^la. 

neutron loses en^y by e -tm ,.,^l,tnning a nucleus 

captured readily b) the inajoinv gn-ater 

fotopic wiU> the -pt'-;« a ;..n but « Uh a ,m 

(reaction of type (3)). r, x ivac-ti.)n is con- 

capture fast neutrons, the '* ■ turn of slow neutrons 

siderably greater with slow neiiti TIip •iiinaront collision 

presents^ alumber of theoretu al pn.Me s 1 b , . 

mea of the ^^^s grea Iv H.™ one , 

Moreover m some ^ y ,, certain spoeilic range- 

neutrons, the energy oi \n 1 hcU n * 

the so-called resonance in-utron bombaniinent. 

Of sixty elements subjected >> .,11 of w’hich were /^-active. 

forty gave rise to Iih.s been wiildv studied. 

Since these early experiments the .sid)j(xt ii 

The usual laboratory neutron sou^ce:^ a . 

(1) Ua 4- 15'- [be'-’(a.ii)C‘='] 

(2) SIP"' k 1^'* (lk*'-’(y.«')‘iHeM 

... ^ fist or slow neutrons, are veis 

Neutron irradiations, either • • , - i neutron fluxes 

readily made in a nuclear reac or i e> 

are available {vide infra). 

The Bohr Theory of Nuclear Reactions 

The nucleus of an atom i.s “mplcx structure 

containing proUms and ncu rous, a ^ 

Proc. H(jy- i^oc., 
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as regards energy relationships, roughly analogous to that associated 
with the eirtra Wear electrons. Most isotopes occurring in nat^ 
have stable nuclei, but for a few-those which are r«d‘oact 
there is a definite probabiUty that the internal ener^ distribution 
will pass into an unstable phase, leading to the phenomenon 
radioLtive decomposition. That a similar msteb|hty can be 
induced by bombardment is not surpnsmg. The incident P^tirfe 
hitting the nucleus is considered by Bohr to impart ener^ 
nucleus and to form a compound nucleus with a lifetime of 
10-12-10-1* sec. During this time the extra energy becomes 

distributed and the nucleus becomes ‘ excited 

It is inherent in the Bohr theory that the excited nucleus can 
disintegrate in several ways, and this is often found to be the case 
When for example, aluminium is bombarded with fast neutrons the 
initial’ change is and the excited Al“ nucleus can 

dissociate as shown below : — 



A great deal of progress has been made in the direction of predicting 

the relative probabilities of these competing nuclear reactions, which 

depend primarily on the energ>^ of excitation. With high excita- 
tion energies more complex decomposition reactions, involving tne 
emission of two or more particles, are observed {e.g. (a,2n), (a.n.p), 
{a,3n)). With very high energy bombarding particles generated m 
the cvclotron, reactions of much greater complexity occur, leading 
to large changes in the nuclear mass. This phenomenon, which 
has been termed spallation, may be illustrated by the following 
examples, taken from recent work by Seaborg and his collaborators. 

Sn>*8 (p. 7n, 10a) Ga"^ 

^\gio7 Co®* -f Sc“ + 2n 

The first reaction is produced by protons of very high energy 
230 Mev.) and yields seven neutrons and ten a-particles. In 
the second, which is induced by protons of moderate energy, the 
phenomenon is very much the same as fesion. These studies are 
indeed rapidly opening up an entirely new chapter in the study of 
nuclear reactions. 


Batzcl and Seaborg, Pkys. Rev., 1950, 79, 628. 
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Neutron Irradiation of Uranium.— The fact that neutron 
capture by a nucleus, followed by /3-decay, Ica^ to an e ement of 
atomic number one unit greater than that of the 
and bis associates to examine uranmm m ‘I*® 

element of atomic number 93 could f ? rk-itlTs n a 

The first experiments revealed four different ^J'^tivit es m a 

uranium sample after slow neutron bombardment uhich were 

attributed to new transuramc elements. ^ rntbe': J 

the number of activities to be even greater and, f 

of confusion in the interpretation of tocse resul ‘ 

largely as a result of the work of Hahn, that an 

phenomenon — nuclear fission—was invo vec . cent) 

Natural uranium contains tliree isotopes ('>006 pe cent . 

{0-7 per cent) and U- ,99-3 per cent). 

present in such small amounts t . fission, while 

what follows. The second isotope, , -p transuranic 

U- is able to capture arc 

elements. In the process of hssio r,,. ■ /: ^ocess is illustrated by 
formed, together with fast neutrons. Ihis [>roccss 

The nuclei formed in fi-ssion have “‘""j;,'; ’ToiT The 

30 (Zn) to 03 (Eu) and atomic bit »cu 

fission products are themscKes ,.,.(|iii.'itc lor 

in general an excess of mass to c la g (,f rf-nartides from 

nuclear stability. This leads to tl.. em.Mon 

the initial product a process '' in ^liuli an 

without change of to a stable eiesiuin isotope, 

antimony isotope decoys in foui I • 

is shown below. 


Sb>“ 


0 


^ Te‘J] 



Iir 


^ Xe‘^1 


03 anyji 




133 


...r-dlvstated in terms of the mass 

The yield of fission proclucts ’ *. > .235 j .sliown on p- 534. 

number. The yiel.l curve for the b-';’' y., „,„i and the 

It has two well-defined maxima at ma ^ There are 

most abundant fission products le m * ’ . . pnxbieed 

a number of isotopes formed m target materials. Tins 

from the cyclotron bombardrnen o s present. Many 

is of great as-sistance m * ^ . i,pl,itified by the onlinary 

species liave. however, been separa e< krvpton an<l xenon, 

methods of analytical chciiustry. 1 ‘ |,i.<-aiise of their 

for example, are both „uiss spectrograph. '1 he 

chemical inertness and identified 
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Mass Njir.ber 


Fk3. Gj*. —F ission yield 


!ial»>;Z''ns briuninL- and iodine may bo oxtrai tod t’voiu the mixed 
fission products by means of solvents, barium and strontium may 
be ])re( ipitatod as sulpbates, silver as its chloride and a large, group 
..f elements (Mo, Ku, Kh. IM, CM. In and Sn) as sulphides. Again, 
other elements (.As, Sb, Su, Se, Ge) may be volatilized as halides. 
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The quantities handled in these separations add ’ a ‘few 

“Sir:; srrri'sr ;;S' 

undertaking a separation. Two " loi'vears, 

the technetiunr .otope Tc| - a Llf Ide o"f 3T yeans! 

and the 2,0 per cent, respectively, and arc 

are formed in yield.s of 6 - ; ,yesti«ating the chemistry of 

a valuable source of material lor iii _ 

these little-known elements {see pp- 3 , )■ ^„^on<T these 

Isotopes of other ele.nents also 

are Pu23« InTTh^T^ foT wliit-h fast neutrons are etfective. 

E.emen.s.-The ^cimd 

in the bombardment of leading to the neptunium 

of neutron capture followed by ^ 

and plutx>iiiuin isotopes Np 






31> 


jilayaJ 


p^239 


'* \ X lo* >r 


> 


This process can occur with *'“y'‘|“Ji"“jJ“suimble velocities for 

U=3s •provided they are s ;wjM lmvn^t‘:i.,.s.w in the so-eailed 

capture hy ..f rods of pure iiraiiiuni 

atomic pile, which throin'h a hirfie mass of pure 

placed ill a series ol '“,be,'’„f which has the property of 

graphite or deuterium ’ .i„„ieciahlc capture. There is a 

slowing down neutron.s w**'*"'**' . ' • * - yssa and the fast ueutrous 
small amount of spontanecnis is-sio ,^,jrio’unding medium, either 
so produced, after ^ ^ .,^010 

cause assiou of U"=*^ which proi , Under suitable con- 

to form neptunium and \ ,s„t<)pe 

ditions a nuclear chain reaction is |jj((j„i,iTn start to accumulate 

is used up and fission pro< uc ^ I contributes U> hssmn, 

in the uranium. The 

though its concentration j products, a number cl whu h 

Afteratimetheaccuinulat..lh.^s 1 j j,,, lanced neutrori 


points about tne p*^ , ^ amount oi neuv 

sary to remove from ^ , citVr with a gaseous or a liqua 

in the fission process. li"« *1 ‘ j,„,l the intense radio- 

coolant. Secondly, the strong uece.ssary to build round 

activity of the fission produc protect the operators, 

the pUe a heavy absorbing shield to pr 
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The transuranic elements neptvinium and plutonium may also be 
synthesized in cyclotron reactions. Both are formed, for example, 
following the bombardment of with deuterons (1) : . 


U238(d,2n) 

U2®«(n,2ii) 


>^1)233 Pu238 > U**” . 

^ 2.0 days 50 yr. 

TT237 Np®®’ >• Pa®^® 

8 0 days ^ 2 x 10 * yr. 


. ( 1 ) 
. ( 2 ) 


The second reaction, which occurs in the pile, is of special mter^t 
because it leads to a neptunium isotope of comparatively long lire, 

which is suitable for chemical studies. 

Americium (Z = 95) and curium (Z = 96) may also be formed 
in cyclotron reactions, two of which are shown below by way of 
example (3,4) : 


U®®» (a,n) — Pu®« - 
Pu®®®{a,n) — ► 


► Np®®® 

1 >T. 500 yr. 

► Pu®®« . 

5 mth. 



Both americium and curium are formed in the pile as secondary 
products of (n,y) reactions. This is illustrated below. 


Pu®®®(ii,y) 


Pu®^o 



6000 yr. 




500 yr. 






Am2« Cm®^® Pu®®« 


The discovery of the transuranic elements berkeUum (Z == 97) 
and californium (Z = 98) was announced by Seaborg in 1950.“ 
When iVm®*‘ is bombarded with helium ions in the cyclotron it 
undergoes an (a,2n) reaction and forms the berkeiium isotope Bk®*®, 
which decays ivith a 4*8 hour half-life by electron capture wdth 
approximately 1 per cent a-decay branching. The californium 
isotope Cf®‘® is formed similarly by bombarding the curium isotope 
Cin®^® with helium ions. It is an a-active isotope with a half-life 
of 45 minutes. 

The Radioactive Decay Series. — The discovery of the trans- 
uranic elements has brought about considerable modifications in the 
classical radioactive decay series. Since a-particle emission leads 

Thompson, Street, Ghiorso and Seaborg, Pkys. Pev.y 1950, 78, 298 ; 
Thompson, Cunningham and Seaborg, J. Amer. Chem. Soc., 1950, 72, 2798. 



Table 2 

Tht An and (4n + 1) Decay Series 
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Table 3 

The. (4n + 2} and, (4n + 3) i)ecay Striti 
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to a change of mass of four units it should follow that if all possible 
zo a cnange ui iiia wnnld be four decay series for 

masses are to be mcluded. there Id^ ^ ^ 

masses expressible as 4n, 4n -h i. .i' aid uranium 

recently only three were knoum namely i series 

(4n + 2) and actmmm (4n | 3) 

has now been traced Isotopes of the transui-aiiics occur 

its members occur m nature. P more coiuple': as a 

in all of these series. They also appear 

result of branching, than was form y .Kq”,! i,i Tables 2 and 3. 
The four series in their P^e^^ent form are ^ 

The horizontal hues indicate branches of the main serie.s 

lines /3-particle emissions ^ omitted from these 

involving artificially produced isotopes tia% 

tables. . jrthter Elements.— Certain of 

Natural Radioactivity m t 8 uaturallv and arc 

the lighter elements have isotopes observed in the 

radioactive. This several' other instanc.s have 


case 


active. This interesting p ceveral otlier instances have 

case of potassium, but ^^(.ther in Table 4. 

been found. These are collected together 


Table 4 

Natural Radioactive Isotopes of the Lojhier Elarunts 


Igotope 


K«o 

Rb” 

' Lu”* 
R©»« 


Di.'iinU'jratiutt 


a 


Untf-UJe 


P,K 

P 


4 a X 
tiO X 
2-5 X 
2 4 X 
4 X 


10 ’ vr. 


Stohtf l)fca<j 

i'ro'lu't 




lO''* yr. 
10“ yr. 
lOi^yr. 
10“ \r. 


Si’' 

N.l 

111 

Os 


1 |H 

iTA vi,i:e 
Ibi 


'iv-icers 'I'l.e u-^e* as triuiTs of 

Radioactive Elements as ir .vh-rietl to 

separated or onrichciUion-radio, ^ binitc'l 

earlier (p. 30) and it (), Sj are readily available t'*'' 

number of isotopes (tho.se* oi J . . y ' spreb-s lias . nabb-d the 

use in this way. The use ot scale. sm< e ninst 

same principles to bo apph' d ‘ radioactive isnlopcs. I n 

of the chemical elements ha\e . • .^^..jj).,bilit v "f isotoiies. tin 

only limitations to the method aie Huorine) have no active 

fact that a few ekunents (c.y. oxv^,* l>\ tin- *' 

>*-Tbo letter K denotes the “ y.rays are . iniUcd. '^'^.”2'^,*; 

the resulting nueleus i« in a,,. K eupture is. however, i*- 

charocteristic radiation .aceoinpan ,,l,eU i» lilted, 

of X-rays when the vacancy m 
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isotopes of a conveniently long half-life, and the difficulty of ine™ 
ment associated with the very soft radiations for some of the 

isotopes such as C^'* and r.f 

Isotopes of the naturally occurring radioactive elements are ot 

course available for use as tracers and. indeed, ^ere the first to be 

studied in this way.^® Some of the most useful of the artificial 

radioactive isotopes are given in Table 5. They may in 

cases be obtained as fission products for uranium and in others 

only by the use of the cyclotron. Quite often alternative modes of 

preparation are available. 

Table 5 

Common Jiadioactive Isotopes used as Tracers 


Isotope 


IP 

C»' 

Na“ 

Na2‘ 

paa 


Decay 

/#- 

/?*■ 


UalJ-liJe 

1 2 yr. 
20-5 mins. 
5100 yr. 

3 0 vr. 
14-8 hr. 
14-3 day 


Isotope 

Decay 

Half-lift 

. . 


87-1 day 

Ca« . . 


152 day 

Fe‘6 . . 

K cap. 

4 ^T. 

BC2 . . 

y 

34 hr. 

liai 

y 

S-0 day 

Hg*®* . . 

(i- 

43 day 


111 a limited number of cases radioactive tracers are available in a 
pure state {carri»*r-free) : more often they arc mixed with a certain 
amount of inactive isotopic material (or carrier), either because 
separation has not been possible, or to facilitate handling of the 
minute amounts involved. The methods available for the separa- 
tion of tracers after their formation vary according to whether 
(a) The prodnet is isotopic icith the target ekmcat. This is so in 
isotopes produced by (n,y), (n,2n) or (d,p) reactions. The 
(n.)’) reactions are of great importance in tracer production 
since this is the normal reaction taking place in slow neutron 
irradiation of materials {)laced in the pile. 

{h) The prod'n t is not isotopic with the target element. This occurs 
in the ])ile with (n.p) and (n.a) reactions and in a number of 
cvclotron reactions. 

In till* fust of these groups enrichment of the active isotope is 
[M.ssiblc onlv in those eases where the Szilard Chalmers effect can 
be utilized.* This depends on the recoil which occurs in a nucleus 
< .n t 1 m' .-ject ion of an a- or ^-particle or a photon in a nuclear reaction. 
When, for example, ethyl iodide is irradiated with neutrons the I^^’ 
nucleus is transformed to P®® by neutron capture. The recoil eiiergj 

>3 I’aneth, Quart. Hev. Chem. Soc., 1948. 2, 93 ; also Ref. 3. 
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given to those iodine atoms which react m this way emit a 
ray is of the order of 20-100 e.v., wh.ch .s nmre than 

Efficient to break the C-I bond. The active 

since it does not recombine or exchange with ‘ 

it may be separated by adding a few milligrains of 

to act as a carrier, reducing and precipitating as sih er iodide. 

free halogen may also be extracted with a sol c _ . 

The following table gives further examples of the use 

Szilard Chalmers effect ; 

Table 6 

Use of the Szilard CHal.ners Effrct in Uolnpe Sr,.ra„on by n.y 

Benction 


Sub 9 Uinc€ 

Irradiattd 


CCI 4 . . . 

CjHjBr . 
Chlorate "i 
Bromate > • 
lodates J 
Phosphates . 
Permanganates 
AsHj 


Product 


ci®» 

Br®* 


. fCarrier used, or may he extracted with 
I solvents and other reagents 


Cl”. Br'’" 1 Product separable as halide ion 
!>*• } 


P« 

Mn” 

As” 


Activity from .'Im- -n 

charged fleet rode 

I 

When the active isotope sought is '‘‘’J 
material the normal range of me ^ . .j | suu'dit is iiuiinally 
The absolute amount of tiv^ ^ This. 

small, 80 that it is advantageous ‘ ... j-,„.iiit;ite manipulation 

if it is isotopic with the element ‘ i,.inille<l. Quite often, how- 

by increasing the amount of down small amounts 

ever, non-iaotopic carriers are ‘ reactions. Im.etive 

of the radioactive material m I ,juj„tities of 

copper sulphide, for example, w 1 - , ^ 

lead, mercury or bismuth. <-1 


play 
in this held. 


Applications of 

The possibility of u.sing j p,.„c.,-s.scs arises from the 

course of chemical reactions or p . • 
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extreme sensitiveness of the methods of detecting their presence. 
Using an electroscope as detector, one miUigram of thorium may be 
detected, according to Paneth, by its a-particle activity. Since the 
rate of emission of a- or /9-particles from radioelemente varies 
inversely as the Ufe periods, as little as 10"^’ grams of the short- 
hved thorium C could be detected in the same way. By the use ol 
yet more sensitive and quantitative methods of detection e.g. the 
Geiger counter, which registers the emission of mdividual a- or 
d-particles — this infinitesimal figure may even be reduced. It is 
clear, therefore, that by adding to any normal element a quantity 
of a radioactive isotope, a very delicate method is opened up for 
the study of the chemical and physical behaviour of the material. 

The interest of the method lies in the means it affords for the 
study of the normal elements by means of their active isotopes. 
U.sing the natural radioelemeiits, thallium may be studied by 
addim^ AcC" (7 'k = 4-76 min.), lead by means of additions of RaD 
/T’,, ^ 10 vears)^or ThB (2*1; = 10-6 hours), and bismuth by means 
of l\aE (ri; = 4-85 days) or'ThC (Ti' = 60-5 min.). The discovery 
of nrtificialradioactivity has greatly extended this field by bringing 

the lighter elements within its scope. 

One example of the application of radioactive indicators is 
afforded bv the di.scovery of bismuth hydride. By exposing 
magnesium turnings to thorium emanation, they become impreg- 
nated with thorium B and thorium C — isotopes of lead and bismuth, 
re.spectivelv. When such impregnated metal was dissolved in 
acid, Paneth showed that the radioactivity of the thorium C was 
transported by the gases evolved, due to the formation of a volatile 
comptumd of bismuth — presumably BiHa- On passing the gas 
through a heated tube, the radioactive gas is destroyed, the bisruuth 
isoto])e being deposited in the heated zone just as is the arsenic or 
antimony mirror in the Marsh test. Following this demonstration 
that bismuth hvdridt* eould be obtained by dissolving a magnesium- 
bismuth alloy In acid. Paneth and Winternitz succeeded in pre- 
l)aring the hithert(' unknown Billj from ordinary bismuth. 

Ill consiilering the tracer applications of isotopes other than those 
which (KTur naturallv it must be remembered that the chemistry 
of the tvansurauie elements, and of technetium, promethium and 
astatiiu-. has l)(*en largely elucidated by tracer methods. The same 
is true of polonium and francium. Quite apart from these e.xamples, 
iiowever. the field is HOW vciT large and it is po.ssible to mention 
«m!v a few examples. 

Applications in Analytical Chemistry. -Radioactive tracers 
are very useful in testing the completeness of analytical separations. 

Bcr, 1918 , 51 , 1728 . 
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In the precipitation of aluminium with 8-hydroxyquinoline for 
eLm^Tt Ts rldily established by adding a small amo^t of 
radioactive beryUiuux that the precipitate 

berylhum if the"^ P-cipitation xs done^at^a^pH O.^but^th^ b* ^ 
this there is no contamination. QeCl may be 

of afsenic from germaniu.u in ;^;^^-[;“:^:“„foffi:dfo:^tive 

foUowed similarly by the u^e of isotopes 

arsenic isotope. Bearing in '"‘“‘1 others coimected 

available, many other such proble , i,,u;iitv of very sparingly 
with the washing of precipitates and the solub.hty of ver> sp . y 

soluble substances, will ,,all amounts of an 

It is possible sometimes to /le ec y neutrons 

impurity in a sample by u that'thc impurity is Con- 

or other particles under conditions such tl at 

verted selectively to a radioactive iso i ' favourable 

method depends on the impurity ° ^ employed or, if both 

capture cross-section m the nuclear ' ^jj^ture are activated, 
the imnuritv and the main componen . ti,,* iinourit v. 


of the element. , , , ...I'ntioiied as a fiirtlier 

The isotope dilution method ] ^.|j(.,aistry. It is useful 

illustration of the use of tracers m an- > , mixture which lias to be 
when a particular component ot a co | I ‘ ^ state, but not 

estimated can be isolated from t e im biological 

quantitotively. The method ■ pjirticiilar amino acid in a 

studies {e.g. in the doterrnmatiun . ^„riched in N'^ would 

mixture of several, in w'hich case ii illustrated by considering 

be used). The principle may, h«we vc . be^iUu. 

the problem of determining a so a known actisitA 


problem of determining 

To the ‘ 

due to 

known {e.g. as the number ot ‘ * T, the salt is istiU 

conditions). After mixing, „t, per given weight will now 

and its activity remeasured. ‘O inactive salt in tl“; niixUiie. 
mniw owin/T to dilution with the * uives a di 


problem of determining a \ a known activity 

L mixture a quantity "ouM l-e 

to Na« is added. The activity f tl eoiintiug 

vn(e.ff. as the number of conn ^ I r the salt is isolated 

,•.• V _ ...ivirwr j» small sample -..i,*- ,, , now 


direct 

liming 


be smaller owing to dilution ^ 1 saniph* gives a 

The decrease in activity in tic inixtun*, ass 

measure of the amount of occurred, 

complete isotopic exchange to ha niecliamsin ot 

Reaction Mechanisms. Ihe > radioactive tracer.s 

reactions is probably the most important use 
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in this field. A very simple illustration is the exchange of bromine 
which occurs when inactive bromine is added to a solution of sodium 
bromide containing tracer amounts of radioactive brornme 
{Br®^;Ti/ = 34 hi.). To explain this effect it may be assumed that, 
on adding bromine to water, the following equilibrium is set up : 

Bra + HgO ^ Br" H- + HOBr 

Exchange can then occur through the bromide ion. Alternatively 
it may be supposed that the reaction Br" + Br^ ^ Brs provides 
a medium for the exchange. :Many similar studies with radioactive 
halogens have been made. Thus in carbon tetrachloride there is 
a rapid exchange of Br 2 and AsBr 3 or SnBr 4 . The bromide ion 
exchanges rapidly in aqueous solution with (PtBr 4 ) or (PtBr^) 
and the iodide ion with (Hgl 4 )- ", showmg that these complexes 
must give some free halide ions in solution. 

Numerous exchange studies made with oxy-amons have given 
interesting negative results. For example, there is no exchange of 
radioactive phosphorus between H3PO3 and H3PO4, or arsenic 
between HAsOo and H3ASO4. The ions SO3 and S2O3 in 
solution exchange their sulphur rapidly at 100°, but there is no 
appreciable exchange at 100° with S and SO4 , SO3 and 
SO.,- - or HaSOa and HSO4-. There is a rapid exchange ^of 
manganese at room temperature between IMn 04 - and Mn 04 

Similar in principle is the application of the radioactive isotope 
of iodine to the problem of the mechanism of the Walden inversion. 
Optically active sec-octyl iodide is racemized with a measurable 
velocity by sodium iodide in acetone solution. Using radioactive 
sodium iodide {obtained by irradiation of sodium iodide with 
neutrons), Hughes, Topley and their associates found that an 
interchange of radio-iodine between the salt and the sec-octyl iodide 
took place simultaneously. The interchange reaction was checked 
after a predetermined time by the addition of crushed ice, and the 
octyl iodide was extracted by means of carbon tetrachloride. Both 
the organic and the inorganic iodine were then precipitated as silver 
iodide, and the distribution of the radioactive iodine between the 
two portions was determined in the usual way, by measuring the 
intensity of their respective activities. It was thus possible to 
determine the rate of interchange of iodine between the iodine ions 
and the alkyl iodide. This reaction velocity agreed, within 10 per 
cent, with the rate of racemiz.ation of the active octyl iodide. It 
mav be concluded, therefore, that the racemization proceeds by way 
of the same interchange mechanism. 

.Vnother interesting example is the mechanism of racemization 


J.C.S., 1935 . 1525 . 
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of the optically active cliromioxalate ion [Cr(C 204 ) 3 ] ■ 

in aqueous solution by a fairly rapid first order reaction, >t has 
been suggested that the rate-determinmg step is an ionization 

according to the equation ; 

[CrlCoOilal*- ^ [CrlCaOJoJ- + [C2OJ2- 

An alternative explanation is that an intramolecular 

occurs. When the racemization takes place in . » r.j(lioactive 
contains oxalate ions with a small proportion of 

isotope C“, no radioactivity finds its way in o i reaction 

plex, which is fairly conclusive evidence against the 

mechanism involving ionization. ^ tracer 

Other PhysicocLmical Xfied by t^^ 

techniques in ion migration P 


determinations 

ions {e.g. Na+ and I”) in solutions. radioactive 

Diffusion studies in solids have ^ migration of the 

tracers, and for measuroments .jli,]) ,,0 otlier method 

atoms or molecules of a pure solid wit nii i ' j f bi.smiith in 
is available. As an example, work on f V' f';;;" Tl.-C, may be 
bismuth crystals, using the ,,jiP.sion rate depends on 

mentioned. It has been found tha .. ^,,1,1,; axes. Similar 

the direction with respect to the ^ ...wl 'rnimnr. With gold, 

studies have 
for example, ^ 

metal with resonance neutron.s ami ^o 'pjj.r rate at 


ed. Ithasbeenloumi tua. 

iction with respect to the ‘ , J^ipppr. With gold, 

have been made with gold, ‘ of a disc of the 

nple, it is possible to irradiate " near the 

merai with resonance neutron.s ami .itt>ni>. Tim rate at 

surface a layer containing metal* at various temixua- 

which this activity penetrates into i * to calculate (lifinsioti 

then be studied, and the results 11. 


tures may 
coefficients. 


efficients. . ji,U mav also be stmiieo. »•, 

The specific surface of certain s' • [ ] jt,* is ])la»:e»l m con- 

r example, a given weight of .solid ^';;t‘'„„ta'ning the lead 
ct with a saturated solution of ha , <,f between the 

>tone ThB. there will be kinetic ex - -a the solution 


•iv also be studied. If, 

['he specific surface ol ceruu.. , • 

for 

tact 

isotope ThB, there wdll be kinetic <>f 

surface of the solid and the solution, aji _ rclationshiii will hold : 

will decrease. At cquilihriiim the following 

- i>l, oil surfao«‘ 

ThB on surface __ 1 t» 01 

I Pli 111 solution 

ThB in solution i 

The quantities on the left-hand Jhe solution (coiiveni- 

from the initial and equilibrium f j. The h-ad content 

ently measured by the number ot couuts/c.c.J 
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of the solution is also known since the solution is saturated. Thus 
the absolute weight and the number of atoms of lead at the surface 
of a given weight of solid is determined. The volume of each 
molecule of lead sulphate is known, and, assuming the molecule 
to be a cube, the surface per gram of solid may be derived. This 
method has been applied with other solids {e.g. BaS04, SrS04), and 
in the case of strontium sulphate, similar measipement-s have also 
been made with radioactive sulphur in the anion. 

Tracers have been used in studying partition coefficients between 
solvents (e.^. for GaCl3 between aqueous HCl and ether). The 
vapour pressure of red phosphorus has also been measured by using 
the 14 - 3 d / 3 -active isotope as a tracer. 

Applications in Biological Fields.^®— It is not possible to 
attempt any review of this topic. The fact that radioactive isotopes 
of carbon, phosphorus and sulphur are readily available is in itself 
a good indication of the potentialities of the method. Added to 
these are isotopes of elements such as calcium, iron, iodine and 
sodium, and also a number of elements which are of importance in 
traces in certain biological systems. One of the most Interesting 
problems which has arisen has been the synthesis for biological 
studies of a wide variety of compounds containing radioactive 
carbon in the molecule. It must also not be forgotten that enriched 
non-radioactive isotopes of hydrogen, carbon, nitrogen, oxygen and 
suli)hur are available and may be used in much the same way as 
the radioactive tracers, c.xcept, of course, that their assay will (except 
for tieiiterium) require the use of a mass spectrograph. 


Determination of the Age of Minerals 

Four methods have been developed for estimating the age of 
minerals from their radioactivity. The first of these is based on 
the measurement of the intensity i»f coloration in pleochroic haloes 
which occur in (juartz, micas and similar minerals. They are due 
to the discoloratimi of the mineral by x-rays from nnnute particles 
of radioactive material. The range of the a-rays is only a few 
thousandth.s of a centimetre, and the haloes appear under the 
niicro.scope as a series of concentric rings, each of which represents 
the action during geological time of x-particles of a particular range. 
Tlie age determination (lepeiuls on an estimation of the amount 
of irrailiation neeessarv to prinluce a given degree of discoloration, 
and it is g«-nerallv agreed that the accuracy is low. 

* 7 ' * “ • 

The second methoil depends on the measurement of the very 

St'c Kiimeii. Itiiili'hicliri' Tracers in Biologif (Academic Press Inc., New 
York, 1917). 
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small amount of helium present in minerals containing uranium 
and thorium. This helium is almost certainly formed from 
a-particles, and in granites and similar rocks of close texture is 
likely to remain trapped, so that, from its amount, the time during 
which it has been produced may be calculated. One gram of 
uranium in equilibrium with its decay products generates roughly 
10”’ c.c. of helium per year, and the rate of production from thorium 
is rather less than one-third as great. Thorium is therefore reckoned 
as equivalent to one-third its weight of uranium. It is necessary 
to determine the helium in the rock, and also its uranium and 
thorium contents. If the uranium equivalent per gram of mineral 
be (U -b 0-3 Th), the age of the mineral in years will be given by 
the quantity 

^ He (c.c. per grain of mineral) 

X ’ U+"0-3Th 

Some results obtained with, rocks of different geological ages are 
given in Table 7. It is almost certain that some lielium will liave 
escaped, so that ages determined by this method represent the 

lower limit. 


Table 7 


Oeologicai Age of Hock 

Mineral 

Pliocene . ♦ • • 

Zircon 

Miocene , . . . 

Zircon 

Oligoceno . . . • 

Sideritc 

Upper Carboniferou« . 

Liiiionite 

i Devonian .... 

llaeinutite 

' Silurian . . • • 

Thorianito 

Middle Pre-Cuinl)riun 

Spbene 

Lower Pre-Cumbrian 

Zircon 


Source 

Age in 
Million 1’ 

Campbell Island, N.Z. 

ir> 

Kspailly, Auvergne 

re7 

Niedcrplcis, 

7-0 

Kbeinproviiiz 

Forest of Dean 

I2S 

Caen 

1\2 

Ceylon 


Areiidul, Norway 


Keiifrew Co., Ontario 

r>i:t 


A third method depends on the determination of the ratio of 
uranium to Pb*®® in the mineral. This lead isotope is the end 
product of the uranium decay series, and its amount will l.e pro- 
portional to the age of the mineral. The rate of formation lnll‘>ws 
from the decay constant of uranium. The isotopic comp<x'<iti<*n o 
the lead should be checked with the ma.ss spectrograph an« it 
necessary, the amount of lead determined analytically corrected Or 
other lead isotopes prc.sent. It is al.so necessary m the case ot ohler 
minerals to allow for the decay of the uranium. Ages Jeteniiiued 
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by this method range up to 1 - 3 X lO® years. The determination 
may likewise be based on the ratio of thorium to 

The age of a mineral may also be estimated by determinmg the 
ratio Pb*°® : Pb*®’. This ratio is used because 17^“ and the 

parents of the decay series which lead to Pb-®® and Pb^^, have 
half-hves which are markedly different (4-51 X 10® yr. and 7-07 x 
10® yr. respectively). This implies that in the older minerals there 

will be a lower ratio of Pb^®* to Pb®®’. 
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Beryl, 238. 

Beryllium, borohydride, 281. 
complexes, stercooliomistry of. 142. 
dimethyl, structure of, 440. 
hydride, 296, 309. 

Binary compounds, structures of, 73. 
Binuclear complexes, 113, 123. 

Bismuth, hydride, 288, 542. 
oxy-salts of, 203. 

Bismuthates, constitutional water in, 
199. 

Bohr theory' of nuclear reactions, 531. 

theory of the atom, 6. 

Bond distances, 88, 93. 

Borazolo, 276. 

Borides, structural principles of, 479. 
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radical, 276. 

Jtorohydrides, covalent, 280. 
ionic, 280. 
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non-volatilo, 275, 279. 
structure of. 277. 
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suboxides, 320. 

Bragg law, 65. 

BriUuuin zones, 440, 407. 

Bromine, atomic, 314. 
fluorides of, 358. 
oxides of, 338. 

trifluoride, ionization of, 515. 
solutions in, 515. 
lirucitc, 241. 

Butyl radical, 301. 
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iodide structure, 78. 

C;i'siu!n chloride, structure of, 76. I 

diiodoeyanido, 366. 

Culcitc, structure, 77. 

Calcium jx'roxide, 373. 

silicido, 285. 343, 478. 

CiiliforniuiD, 402, 407, 536. . 

< 'arbifles, refractory, 474. I 

s-ilt-like, 477. 

Carbon, fluorides of, 354. 
monofluorido, 487. 

monoxide. complex compounds of,177. ' 
reaction witii iron, oubalt uiui 
nickel salts, 422. 
suboxide. 321. 
siihsulphide, 322. 

< 'arbonyl azide, 302. 

chloride, ionic reactions in. 518. 
ehlorofluoride. 359. 
by<lrides. of platinum metals, 42S. 
ioikilluoride, 359. 

< 'aro’s acid. 379. I 

( ’arri<Ts. .'i fO. I 

t Vtui otite, 479. 


Cerium hydride, 292. 
peroxide, 374. 

Charcoal, structure of, 481. 

Chelate groups, 113, 144. 

Chlorine, atomic, 312. 
dioxide, 356. 
fluorides of, 358. 
heptoxide, 337. 
monoxide, 335. 
tetroxide, 333. 
trioxido, 336. 

Chlorite, 243. 

Chloroazido, 366. 

Chlorotiuorocarboiis, 354. 
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Clu’omatographic analysis, 387. 
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of, 192. 
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cemization of, 545. 
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Chromium carbide, 479. 

carbonyl pyridino compounds, 430. 
liexacarbonyl, 418, 420, 430. 
peroxide, 376. 

Cis-lran3 isomerism in complex salts, 

111 . 

Clatbnite compoimds, 341. 

Clay minerals, 245. 

Cobalt carbonyl hydride, 421, 425, 438. 
carbonyl hydride, direct synthesis of, 
428. 


carbonyl iodide, 419. 

(ii) complexes, stereochemistry of, 
142. 


cystoino complex, reaction with car- 
bon monoxide, 427. 
dinitrosyl iodide, 432. 
hydride, 295. 

iiitrosyl carbonyl, 427, 431, 438. 

(iii), stabilization of. 178. 
tetraciirbonyl, 411, 425. 

Cobaltitcs, constitutional water in, 199, 
Cobaltous clilorido ammoniatc, 165. 
Complex compounds, stability con- 
stants of, 184. 
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of. 1 70. 
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tion potentials, 1S3, 185. 
formation, stabilization of valency 
states by. 178. 

liali^,les. exchange react ious of, 544, 
oxyacids, 196, 200. 
salts, absorption spectra of, 167. 
directed valence forces in, 169. 
isotope exchange reactions of, 169. 
magnetic susceptibility of, 167, 173. 
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Condensed oxyacida, 206. 

Copper, anomalous valency of. 1^. 

complexes, stereochemistry of,ljy,l4t>. 

ferrocyanide, 159. 

hydride, 294, 30S. 
methyl, 346. 

stabilization of valence states, l«:i. 
Co-ordinate link, nature of, 164. 

linkage, theories of, 171. 

Co-ordination number, Goldschmidt. /o. 
of ions in silicate structures, J4b. 
Werner, 103. 

Cossa’s salt, 127. 

Covalency, 00. r nn 

CristobaliU*. structure of. 76, ^*o. 
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Curium, 402, 406, 636. 

Cyanogen, 302. 
azide, 307. 

azidodithiocarbonate, 308. 
chloride, 367. 
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tliiocyanate, 367. 
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Dccaborane, 270. 

Deuterium, 200. 
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oxide, 209. 
separation of, 207. 
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theory, 621. 
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compounds. 404. 
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levels, in metals, 440. 

Ethyl radical, 298. r ii.> 

Ethylene diamine, complexes ot, ii-. 

129. 
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Extra-nuclear structure of the atom, 
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Ferromaenctism, 98. 
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of, 170. 
oxide, 494. 
sulphide, 493. 

Fissile isotopes, 535. 
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separation of, 380. 541. 
yield curve, 533. 
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Frenkel defects, 4UI. 

Freous, 354. 
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199. 
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I Graham^s salt, 231. 
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Graphite, 481. 
bifluoride, 486. 
bisulpbate, 485. 
compound with bromine, 489. 
compound %vith ferric chloride, 489 . 
perchlorate, 4S6. 
salts, 485. 

Graphite-potassium alloys, 482. 
Graphitic oxide, 482. 
acid, 482. 
compounds, 481. 

Hafnium carbide, 475. 

peroxide, 374. 

Half-life, 521- 
Halloysito, 245. 

Halogens, oxyacids of, 339. 

Hatchett’s brown, 159. 

Heavy water, 269. 

Hoitlor-London treatment of covalency, 
50 . 

Helium-uranium ratios, 547. 
Hetero-polyacids, 207, 220. 

Hcxammino cobaltic chloride, 106, 165, 
170. 

Hoxaquo chromic cation, isotope ex- 
change reactions of, 170, 192. 
cobaltic ion, diamagnetism of, 192. 
rhodium cation, diamagnetism of, 
192. 

Hcxol dudecammino tctracobaltic salts, 
resolution of, 125. 

Humo-Rothcry phases, 464. 
rules. 466. 

Hybridization of orbitals, 53. 174. 
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Hydrides, classification of, 272. 

interstitial, 291. 

Hydrogen, allotropy of, 261. 
atomic, 266. 
bonds. 69. 

cyanide, liquid ; ionization of, 515. 
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516. 

isotopes of, 266, 271. 
peroxide, production of. 380. 
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Hydrothermal processes, 258. 
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Hydroxyl bonds, 80. 
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Hypophospborous acid, 328. 
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Inner complex salts, 116. 
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469. 
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basic properties of, 360. 
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complex salts of, 361, 

fluorides of, 359. 
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oxides of, 338. 

lodonium compounds. 361. 
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hydride, 423. 427, 438. 
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sulphide, 419. 
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analysis, 543. 
exchange reactions, 544. 
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Isotopes, of stable elements, 17. 
radioactive, 529. 

separation of by chemical exchange, 
28 

separation of by diffusion, 24. 
separation of by distillation, 23. 
separation of by physical methods. 
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spectroscopic detection of, 18, Jl. 

Kaolinite, 245- 
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Lattice compounds, 104. 
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Laves phases, 439. 

Law of constant proportions, 441. 
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oxides of, 494. 

polyanionio compounds of, 410. 
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Madelung constant. -M. 

Magnesium borido, 2tS, 
oarbidu, 478. 
bydride, 200* 

T>croxidOt 373. 

»ilicide» 283. 

Magnelio moment, 98. 
quantum numlx?r, 8. 

Huaoeptibility, 9ti. 

Magnetite, 498. 

Magneton, Bohr, 98. 

vaLcncic.. of. .82. 

complex cyanides o'- 

Mass spectrograph. 17, 27. 

>Ltsurium, 390. i no 

Maximum multiplicity, riUo of. 6-. 

Moan life of radioactive atoms, 5n. 


Mercury hydride, 309. 

iron totracarbonyl, 423, 423. 
peroxide, 374. 

Mesomerism, 69. 

Metal alkyls, polymeric. 440. 

ammines. acidic function of. 1J4. 
carbonyls, constitution of, 433. 
carbonyl halides, 412. 
carbonyls, indirect formation of, 41J. 
carbonyls, reactions of, 411. 
carbonyls, substitution reactions of, 

429. 

Metallic conduction, 447. 
oiystals, 68. 

state, theory of. 442. 45:.. 

Metals, solutions in liquid ammonia, 
594. 

Motamolybdates, 209, 214. 
Metaphosphates. 229. 

Metasilicatos, 232, 239. 

Metastablo nuclei. 528. 

Metatungstates. 209. 

Metatungstio acid, structure ol, — o. 
Metavanadates, 219. 

Methane salts. 477. 

Methyl radical, 298. 303. 

Methyl silicon chlorides. 34o, 34 1 . 
Methylene radical. 303. 

Mica group structures, 241. 

Millon's base. 508. r 

Minerals, determination of age ol. .)4U. 
Mixed crystal.-i, 450. 

Molecular orbitals, 55. 
crystals, 68. 

sieves, 248. - 

structure, spectroscopic evidence lor. 

89. 

Molecules. shajH-s of, 9a. 

Molybdates, condensation reactions ol. 

215 . . 

Molybdenum carbide, 4 «o. 

carbonyl pyridine comiiouiuL. 4.11. 
dihulides of. 156. 
hexacarbonyl. 410, 4-0, 4J0. 
Monogermune, 285. 

MonosLlano, 283. 

Montmorillonite, 24.'>. 

Multiple oxides. 82. 

Naturally occurring silicates, syntlusis 
of. 257. 

Ki*])tuniam» 535. 

oxidation states. 405. 

Neutralization reactions m bixuiiinc 
trilluorido. 518. ^ 

in liquid ainiuoniri. 50b. 
in liquid hydrogen cyanide, .ilo. 
in liquid hydrogen sulphide. ol4. 

in liquid iodine. 618. 

in liquid sulphur dioxide, olO. 
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Neutxon, 621, 526. 

NeutroD capture cross-Bection, 527. 

Neutrons, irradiation ^ritb, 530. 

Nickel, abnormal valencies of, 138, 179. 
carbide, 479. 
carbonyl, 408. 

configxiration of, 435. 
dipole moment of, 434. 
formatiooof insolution,180,421,427. 
Raman spectrum of, 434. 
reactions of, 430, 433. 
complexes, reaction with carbon 
monoxide, 422. 
stereochemistry of, 137. 
cyanyl compounds, 436. 
hydride, 295. 
nitrosyl derivatives, 433. 
uitrosyl iodide, 432. 
tctraphonyl isonitrile, 437. 
tetra (phosphorus trifluorido), 438. 

Niobium carbide, 475. 

Nitric acid, 327. 

ionic reactions in, 518. 

Nitric oxide. 323. 

Nitrogen, active, 316. 
fluorides of, 356. 
hydrides of. 287. 
oxides of, 323. 
radioactive. 529, 530. 
sclonido, 350. 
sulphides, 340. 
tclluridc, 350. 

Nitrohydroxylamic acid, 326. 

Nitruniiim bromotetrafluoridc, 516. 
cation, 324. 

NitroiHintammine cobaltic salts, 110. 

Nitrosonium bromotetrafluoridc, 516. 
cation, 323. 

Nitrosyl carbonyls. 412, 431, 436. 
fluorido, 356. 
salts. 323. 
tliiocynnate, 363. 

Nitrous acid, 326. 
oxide, 323. 

Xltroxyl tluoride, 356. 

Non-metal halides, mechanism of hy- 
droly.sis, 195. 

Non-stoichiomotric compounds. 441. 
490. 

Non-stoichioinctric compounds, elec- 
trical conductivity of, 495. 

Normal comi)ltjxeii, 105, 165. 

Nuclear disintegration by a-particles, 
524. 

liy deuU‘rt)ns. 525. 
i)y protons, 525. 

Nuclear ti.s,sion. 527, 533. 
photoelectric effect, 527. 

Nuclear roaction.s, 524. 

Bolu" theorj’ of, 531. 


Nucletis, disintegration of, 520, 524. 

Octohodral bond wave fimctions, 175. 
Olehns, complex compounds of, 177. 
Olivine, 237. 

Optical isomerism in complex salts, 120. 
Order-disorder changes, ^7. 

Organic hydroxy acids, inner complex 
salts of, 119. 

Organo-chromium compounds, 420. 
Organo-sdicon halides, 345. 

Ortho and para hydrogen, 261. 

conversion, 264. 

Osmium carbonyls, 417. 

carbonyl halides, 417. 
Oxidation-reduction potential, effect of 
complex formation, 421. 

Oxides of fluorine, 334. 

Oxyacid anions, exchange reactions of, 
544. 

Oxyacids, 196. 

Oxycyanogen, 363. 

Oxygen, atomic, 311. 

Oxygen-carrying complex salts, 189. 
Oxygen, paramagnetism of, 58, 265. 
Ozone, formation of, 311. 

Packing fractions, 22. 
i Palladium complexes, Btoieoohemistry 
of. 136. 

hydride, 292, 452, 469. 

Palladous carbonyl chloride, 414. 
Paramagnetism, metallic, 450. 

origin of, 97, 101. 

Pararoolybdates, 209, 214, 220. 
Paratuegstates, 209. 

Pauli exclusion principle, 8. 

Pauling’s theory of co-ordination com- 
pounds, 174. 

theory of metals, 452, 477. 
Penetration complexes, 105, 165. 
Pontaboraue, 279. 

Pcrcarbonates, 381. 

Porchromates, 370. 

Perdisulphuric acid, 379. 

Perhydrates. 384. 

Periodic acid, 197, 329. 

Periodic System, 3. 
i Pormoiiosulphurio acid, 379. 

Pernitric acid, 383. 

Pernitrous acid, 383. 

Porpbospboric acids, 383. 

Perstannio acid, 382. 

IVrtungstates. 378. 

Peruranates, 379. 

Plu'uaeite, 238. 

Phenyl radical. 305. 

Phlogopite, 242. 

Phospham, 509. 

Phosphorous acid, 329. 
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Phosphorus chloronitrido, 350, 509. 
fluorides of, 357. 
hydrides of, 287. 
imide, 509. 
nitride diamide, 609. 
oxyacids of, 327. 
raioactive, 628. 
triamide, 509. 

trifluoride, complex compounds ot, 

trihludes. complex compoimds with 
transition metals, 177, 413, 4d/. 
trioxido, 32S. 

Phosphotungstic acid, 207, 

Platinio acid, 197. 

chloride, hydrates of, 197. 

Platinous complexes, crystal structure 

of, 130. 

dipole moment of, 130. 
optical activity in, 133. 
stereochemistry of, 127. 

Platinum, anomalous valency ot, lo.J. 
arsine complexes, 130. 
carbonyl elilorides, 413. 
sulphines, 130. 

Platinum (iv) compounds, stereo- 
chemistry of, 140. 

Pleochxoic haloes. 640. 

plumbates. constitutional water m, 196. 

Plutonium, 635. 

Polarizability of ions, 42, loo. 

Polonium, 398. 

Polonium hydride, 291. 400. 

Polyaoids, basicity of, 208. 

Kosonheim theory of, 208. 

Htructuro of, 221. - 

polyatiions. mechanism of formation of, 

210 , 212 . 

polyaiitimonides. 472. 

Polvbisrouthidos, 472. ^ ^ , ^i., 

Polycations, formation of by hydrolj - 
HU) reactions, 203. 

Polyiodidca. 473. 

Polymeta-arsenutcs, 2J,*. 

Polynuclear complex salts, lou. 

halides, 161. . 

rooUl carbonyls, struoturo of. 439. 

Poly phosphoric acids, 227. 

polyplumbides, 470. 

Polytctruiluoroctliyleno, 364. 

Polyvanadatos, 219. ^ 

Positive electron. 521, o28. 

Potassium amide, 6U0. 

ttinmonosodiato, 5(n. 

ummonostannutc, 50H. 

aminonostannito, 608. 

uinnionozincato, 607. 
uquozincate. 607. 
bromotetrafluondo. 3.>». 616. 
-graphite alloys, 482. 


Potassium hypoborate. 320. 

molybdotellurate. structure of, — .b. 
percarbonate, 381. 
perdiphosphate, 384. 
peroxide, 372. 
perorymolybdate, 378. 
peroxytitanato, 373. 
platinate. structure of, 200. 
radioactivity of, 539. 
silicide, 480. 
superoxide, 372. 

Principal quantum number, i. 
Promethium. 3S7, 535, 542. 
l^otactinium, 393. 

compounds of, 395. 

Prussian blue, 158. 

Pseudo-halogens, 361. 

Purpureo cobaltic chloride, 10 1 . 
Pyrophiihtc, 242, 244, 245. 

Ouadridentatc groups, 143, 147, 189. 
Quadrivalent nickel, complex com- 
pounds of» 422. 

Quartz, 246. 

Radial distribution function, 14. 

Radial wave function. 14. 

Radiations, from radioactive elements. 

Radioactive decay series, 53b. 
displacement law, 623. 
elements as tracers, 539. 
equilibrium, 621. 
isotopes, formation of, 61.J. 
tracers, applications of. 641. 
tracers in analytical chemistry. 

tracers in study of difrusion. 64o. 
tracers in study of reaction mcchaii- 

bm, 543. . ^ 

tracera in surface obcmiiitry* 

Radium, 522. - 

Radius ratios. limitmg_vulues of. to. 

Rare earth carbides, 478. 

ions, magiiotio moments ot. JJ- 
Rare eartli. ion exchange sopanitioii. 

388 

Itaro gases, compounds of. 340. 

Rare refractory boridos, 474. 
carbides, 474. 
nitrides, 474. 

Rosonanoo. 59. _ ^ 

model of metuU. 4.>-. 

Rhenium carbonyl. 4.11. 

carbonyl amino compounds, tui- 
carbonyl balido-s. 418. 

Rhodium carbonyls. 417. 

theory of po lyocid.. -OS. 
Ronuocobultic clilorido. lOo. 

aalU, 416, 43-.. 
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Ruthenium caxbonyl iodido» 41 7» 
peotacATbonjl^ 417. 

Rutile^ structure of, 76. 

Salcomincs, 189. 

Salicylaldohyde othyloacdiimine, com- 
plete salts of, 189. 

Salt isomerism, 109. 

Salt-liko carbides, 477. 

Schottky defects, 401. 

Schrodmger equation, 13. 

Selective elution, 387. 

Selenium dioxide, 332. 
fluorides of, 357. 
hydride, 290. 

oxychloride, ionic reactions in, 518. 
trioxide, 332. 

Sclenocyanogcn, 364. 

Self-diffusion coefficients in tungstate 
solutions, 211. 

Semi-conductors, 448, 495. 

Sexadentato groups, 149. 

Silanes, halogenatcd, 284. 

unsaturated, 285. 

Silanols, 347. 

Silicam, 508. 

Silicates, natural and laboratory forma- 
tion of. 257. 

structural principles of, 236. 
three-dimensional structures, 246. 
Silicides, structural principles of, 479. 
.Silicochloroform, 284. 

Silicon amide, 508. 

complex halides of, 342. 
hydrides, 283. 

Si]icone.s, 345. 

Siloxene, 343. 

Silver complexes, stercocheinistiy of, 
130. 

forrocyanidc, 161. 

Slow neutrons, 531. 

Sodium borohydrido, 2S0. 
chloride, structure of, 76. 
germauite, 2S6. 

• hexameUiphosphato \ 231. 
hydro {KToxide, 371. 
hyponi trite, 505. 
nitroxyl, 505. 
orthophosphate, 228. 
pan molybdate, structure of, 226. 
parafunpstato, formula of, 217. 
j»*i ’/^Tmanato, 383. 

]K roxide, 371. 

|xr ‘XjTiiolybdatc, 370. 
p< roxytantalate, 370. 
polymotaphosphatc, chain structure 
of, 232. 

pyrophosphate, 228. 
stanuate, structure of, 200. 
totrainctapbosphato, 230. 


Sodium trimetapbosphate, 230. 
triphosphate, 228. 
tungsten bronzes, 497. 

Solid solutions, 45G. 

Solvation energy of ions, 44. 

Solvolysia Teactions in liquid ammonia, 
507. 

in liquid hydrogen cyanide, 515. 
in liquid hydrogen sulphide, 514. 
in liquid sulphur dioxide, 5l2« 
in nitric acid, 518. 

Spallation, 532. 

Spin quantum number, 8. 

Spontaneous ffssion, 535. 

Square planar bond wave functions, 
175. 

Stannatod, constitutional water in, 106. 
Stannic chloride, hydrolysis of, 105. 
Stannites, constitutional water in, 190. 
Stereoisomerism in complex salts, 111. 
Stromholm's salts, 161. 

Strontium peroxide, 373. 

Sub-group metals, intermetallic com- 
pounds of, 464. 

Sub-group metals, polyanionic com- 
pounds of, 470. 

Subhalides, 49. 

Substitutional solid solutions, 457. 
Sulphamide, 509. 

resolution of complex rhodium salt, 
; 125. 

I Sulphimide, 510. 

Sulphite iou, 510. 

Sulphur dioxide, liquid ; ionization of, 
510. 

reactions in, 510. 
reaction with aminos, 512. 
ffuoridcs of, 357. 
heptoxide, 331. 
hydrides of, 289. 

! monoxide, 329. 

I oxyacids of, 329. 
sesquioxido, 330. 
tetroxide, 331. 

Sulphury! azide, 362. 
i Suporlatticos, 457. 

’ Superstnictxire phases, 463. 

Synthetic zeolites, base exchange pro- 
perties of, 386. 

Szilard -Chalmers effect, 540. 

Talc, 242. 

Tantalum carbide, 476. 
hydride, 292. 
j lower halides of, 158. 

Technetium, 390, 535, 542. 

sulphide, 392. 

Telluric acid, 107, 333. 

Tellurium dioxide, 333. 
hydride, 291. 
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TeliuriuDi nionoxide, 333. 

trioside, 334. 

Tellurocyanogen, 3t>4. 

Tellurous acid, 333. 

Tertiary butyl radical, 30u. 

Tetrainethyl ammonium sulphite, ulO. 
Tetrapyridyl. complexes of, 149. 

Thermal diffusion. 26. 

Thiocyanogcn. 303. 
chloride, 307. 

Thionyl cldoroHuoride, 359. 
liexachloroantimonate, 512. 
ion, 510. 

Thiotriazyl chloride, 3o0. 

Thorium carbide, 478. 
hydride, 292. 
j>eroxi<lc, 375. 
salts, hydrolysis of, 204. 
triio^dc. 405. 

Tin hydride, 286. 

polyanionic compounds of. 4iU. 

Titanium amide, 508, 
carbide, 475. 
hydride, 292. 
iinide, 508. 

IKiroxido, 374. 

Tracers, radioactive, 539. 

Transition elements, magnetic moments 

iiitcrmctaUic compoumb 
Transuranic elementa. 40:., oJo. 
compounds of, 400. 
ionic radii of, 403. 
paramagnetism of, 403. 

'I'remolitc, 239. ,,, 

TTiacido triammino complex salt.s. m-*- 
Triaminopropaiio, complexes of. *■*.). 
Triaminotrielhylamme. complexes I. 

143, 147. 

Tridontato groups, 146. 

Tridymitc, 246. r 

Tricthylono tctraimne. complexes o . 

147 

Trifluoromethyl sulphur pentafluondo. 
358. 

T'rimcthyl sUanol. 347. 

TTinitrosyl iron 

Triphcnyl methyl radical. 298. 4t«>. 
Tripyridyl, complexes of. 146. 
T’risiiylaiuino, 284. 

Tritium, 271. . r 

Tungstates, condensation n-netioiis 

217. 

Tungsten bronzes, 490. 
carbide, 470. 

hexacarbonyl, 410, 420, 430. 


Tungsten, lower chlorides of. 157. 
lower oxides of. 499. 
trioxide, 497, 500. 

Tungstophosphoric acid, 20 <, --*■ 

Ultramarine. 251. 

base exchange properties, l.ii. 
crj’stal structure of, 255. 
manufacture of. 251. 

Univalent nickel, complex compounds 

of. 422. 

Uranium carbide, 478. 
tission of. 533. 
hydride, 293. 

neutron urafiiation ol. oJ.»- 
oxidation states, 4U5. 

Uranyl peroxide. 379. 
salts, hydrolysis of, 204. 

Valency of elements, variability of. 48 
states, stabilization of. 178. 

Vanadium carbide, 475. 

Iiydride. 292. 
peroxy compounds, 376. 

Vinyl chlorosihines, 346. 

Wuldon inversion, lucchanism of- 
Watcr-likc solvent.s, ionization oi. .lU-. 
Water of constitution. 191. 
of crystallization, 83. 199. 

Wavo-niechaiiical atom. 12. 

Werner’s co-ordination theory, basis of. 
105. 

\Vholo iiumlxT rule. -1. 

Wolffrum’s red salt. 163. 


X-rays, diffraction of. 64. ^ 
by ga.scs ami vapours. 86. 
oxiicrimental iiiethoiU. Oo. 

X-ray spectra of the c-lcmc-nt.i. 4. 

Zeolites. 247. 

Zeolitic bodies, .synthetic. -4^. 

Zeohtio waU'r. 191. 

Zinc amide, 507. f i.i > 

eomple.xes. stereochemistry ot. l-»- 

ferrocyanide, 161. 
hydride, 296. 

l»eroxide, 374. ,,,,, 

Ziiuatcs, constitutional water in, I.'-*- 

Zintl phases. 467. 

Zirconium carbide. 47.>. 
hydride, 292. 
nitride, 476. 
jMiroxide, 374. 





